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ABSTRACT
Millions of pounds of readily usable and renewable 
byproduct are discarded yearly from the rapidly expanding 
Louisiana crawfish processing industry.
This investigation involved utilization of crawfish 
waste shell to produce the biopolymers chitin and chitosan, 
and to utilize chitosan as a coagulant and in ligand- 
exchange column technology for recovery of organic 
compounds from seafood processing discharge stickwater.
Crawfish shell was found to be an excellent source of 
chitin (23.49% on a dry basis) and applicable 
physicochemical procedures for isolation of chitin from 
crawfish shell and its conversion to chitosan were 
developed. Particular attention was given to 
characterization of the physicochemical properties of 
crawfish waste and its chitinous biopolymers.
Crawfish chitosan coagulated suspended solids in 
stickwater obtained from the crawfish pigment extraction 
process as effectively, or greater, than seven commercial 
polymers and four inorganic salts under the test 
conditions. Concentration of suspended solids and turbidity 
were reduced 97% and 83%, respectively, by treatment with 
150 mg/L chitosan at pH 6.0, with a 45% reduction in 
chemical oxygen demand (COD). Proximate and amino acid
xv
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analyses indicate that the coagulated solids have potential 
as a nutritious ingredient in livestock feed formulations.
Crawfish chitosan was demonstrated to be an effective 
ligand-exchange column material for recovery of amino acids 
(principal flavor precursors in shellfish) from seafood 
processing wastewater. In comparison with commercial 
chitosan, crawfish chitosan, loaded with copper or amino 
copper, showed higher recovery rates of amino acids.
Recovery of amino acids from the amino copper-crawfish 
chitosan column was pH dependent. With increasing pH, 
recovery of amino acids was greatly reduced. Slight elution 
of copper by ammonia eluent occurred at pH 9, but not at pH 
10 and 11. However, the eluate was completely free of 
copper ions when treated with a second crawfish chitosan 
column.
In view of the increasing need for large volume
sources of raw chitinous material for chitosan production
and promising commercial applications of this polymer,
effective exploitation of crawfish shell waste for 
production of chitosan, combined with extraction of 
carotenoid pigment, is warranted.
xvi
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INTRODUCTION
The Louisiana crawfish industry comprises the largest 
concentration of crustacean aquaculture in the world, with 
an annual production in excess of one hundred million 
pounds. Growth projections are for this volume to reach 
nearly a quarter of a billion pounds before the end of this 
decade. Following recovery of the tailmeat, the residue, 
comprising 85% of the biomass, has been traditionally 
discarded. However, as of January, 1985, traditional 
disposal via landfill dumps is prohibited, creating an 
urgent and critical need for economically sound alternate 
methodology including product recovery. In recent years, 
with emphasis on total biomass utilization, a series of 
studies from the LSU Food Science Department (Chen and 
Meyers, 1982a,by Meyers and Chen, 1985) have demonstrated 
the commercial feasibility of recovery and utilization of 
this renewable waste resource for use as a valuable natural 
source of the carotenoid astaxanthin.
Apart from the recoverable pigment, it is apparent 
that crawfish wastes represent a significant and renewable 
major resource for the biopolymers chitin and its 
deacetylated form, chitosan. Preliminary observations from 
our laboratory on isolation of chitin from crawfish shell 
revealed a noteworthy recovery yield, ca. 25%. In view of 
the tremendous volume of readily available processing waste 
from Louisiana crawfish industry, a unique opportunity
1
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2exists to effectively exploit this resource for production 
of chitinous polymers. Integration of the chitin/chitosan 
production with an existing commercial pigment recovery 
process represents a potentially cost-effective operation 
with an immediate economic benefit to the rapidly growing 
crawfish industry as well as. in utilization of other 
crustacean wastes.
Applications of these two functional polymers, 
especially chitosan, are readily seen in a broad range of 
scientific areas, including those in biomedical, food, and 
chemical industries (Rha et al., 1984; Knorr, 1984a,b). 
Such uses include: wastewater treatment (coagulant and
chelator); pharmaceutical and biomedical fields 
(potentiator for antibiotics, wound-healing promotor, 
surgical sutures, contact lenses,' etc.); enzyme 
immobilization and purification; food formulation (binder 
and gelling agent, thickener/stabilizer, encapsulating 
agent, fiber source for low caloric foods, controlled 
release agent, etc.). A recent patent literature search 
developed in our program has revealed over 160 U.S. and 
foreign chitin/chitosan patents in these aforementioned 
areas.
Since 1977, three international conferences on 
chitin/chitosan (Hirano and Tokura, 1982; Muzzarelli and 
Pariser, 1978; Zikakis, 1984) and various review articles 
(Knorr, 1984a,b; Muzzarelli, 1983, 1985a,b,c; Rawls, 1984; 
Rha, 1984; Rha et al., 1984) have provided considerable
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
3information on chitinous polymers and have significantly 
enhanced prospects for further detailed investigations of 
conversion of chitin-rich materials into valuable 
commercial products using a variety of technologically- 
advanced approaches.
Major commercial applications for chitosan currently 
are in industrial wastewater treatment and recovery of feed 
grade material from food processing plants. Bough and co­
workers in Georgia have demonstrated the effectiveness of 
the polymer in treatment of food processing wastes (Bough 
and Landes, 1978) as well as in other discharge streams, 
such as those from poultry processing facilities (Bough et 
al., 1975). As observed by Fugita (1972), chitosan is 
particularly effective in removal of proteins from aqueous 
discharge, followed by use of the coagulated byproducts as 
valuable protein sources for livestock feeds.
A significant concentration of potentially recoverable 
organics are present in discharge streams from shrimp 
processing plants in Louisiana (Meyers and Rutledge, 1973; 
Perkins and Meyers, 1977) as well as from the crawfish 
pigment extraction process itself. Specific flavor and 
flavor-enhancing compounds have been identified (Meyers and 
Sonu, 1974), along with evidence for the biological value 
of the concentrated recovered proteinaceous solids (Toma 
and Meyers, 1975). Comparable dissolved organics can 
readily be found in other seafood plant discharges in 
Louisiana. Such compounds, i.e., glutamic acid, glycine,
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
4alanine, etc., are considered to be among the primary 
contributors to the distinctive sensory attributes of 
Crustacea. This organically rich effluent creates a serious 
environmental problem and poses a threat to water quality 
when discharged to rivers and lakes. It is recognized that 
chitosan, with its partial positive charge, can be used for 
coagulation and recovery of organic compounds from seafood 
processing wastewater (Bough and Landes, 1978; Johnson and 
Gallanger, 1984).
Based on the aforementioned, the major objectives of 
the present investigation were as follows;
(1) Evaluation of the physicochemical properties of 
crawfish waste and chitinous polymers.
(2) Demonstration of the effectiveness of crawfish 
chitosan as a polyelectrolyte coagulant 
compared with synthetic products and other 
natural chitosan sources.
(3) Development of procedures for recovery of amino 
acids from seafood processing wastewater by 
chitosan-based ligand-exchange chromatography.
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REVIEW OF LITERATURE
A large volume of extant literature, including three 
international symposia (previously cited) and numerous 
review articles, exists in the chitin/chitosan area. While 
a complete review of the subject is beyond the scope of 
this dissertation, nevertheless, as many of these papers as 
possible have been cited for reference purposes. The 
following review sections focus on specific topics germane 
to the current research program. Other relevant papers are 
cited in each of the specific sections.
Structure of Chitin and Chitosan
Chitin is a polymer of unbranched chains of beta-(l- 
4)-linked 2-acetamido-2-deoxy-D-glucose (N-acetyl-D- 
glucosamine). Thus, it may be regarded as a derivative of 
cellulose, in which the C-2 hydroxyl groups have been 
replaced by acetamido groups (Muzzarelli, 1973). With 
chitosan, the acetylated amino group of chitin is 
deacetylated (Fig. 1). Some doubt exists as to whether all 
the hexosamine residues are in fact N-acetylated. Rudall 
(1963) has reviewed evidence which suggests that a 
proportion of the residue does in fact occur as 2-amino-2- 
deoxy-D-glucose. Elemental analyses and histochemical 
properties suggest the presence of a proportion of free 
amino groups, approximately one every six or seven residues 
in the chain (Rudall, 1963).
5
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Fig. 1. Comparable chemical structure of cellulose, chitin, 
and chitosan with different functional units.
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7Chitin, like cellulose, occurs naturally in the 
crystalline state (Rudall, 1963). Early X-ray diffraction 
studies of Meyer and Pankow (1935) on crustacean chitin led
to the classical figure of an orthorhombic unit cell,
0 0 
having the dimensions a = 9.40 A, b = 10.46 A, and c -
o
19.25 A. Using more elaborate methods, Carlstrom (1957)
proposed a simpler orthorhombic unit cell, the value of "a"
o_
being only 4.76 A. This means that the chitin unit cell is 
composed of two chains, antiparallel in direction. The 
structure of alpha-chitin has been refined by Minke and 
Blackwell (1978). This work confirmed the antiparallel 
chain structure originally proposed by Carlstrom (1957) and 
provided detailed knowledge of the hydrogen-bonding 
network. According to Carlstrom (1957) and Minke and 
Blackwell(1978), the adjacent residues of the same chain 
are not only covalently bonded by beta-(1-4)-glycosidic 
linkages, but also are hydrogen bonded as OS'-H.-.OS 
(Carlstrom, 1957; Minke and Blackwell, 1978) and 06'-
H...07 (Minke and Blackwell, 1978). The neighboring chains 
are linked by hydrogen bonds C0...NH between adjacent 
aminoacetyl groups (Carlstrom, 1957; Minke and Blackwell, 
1978) and 06-H... 061 (Minke and Blackwell, 1978); 
presumably all the NH groups of a chitin chain are hydrogen 
bonded to the CO groups of the adjacent chain (Carlstrom, 
1957).
X-ray diffraction studies of diverse supporting 
structures indicate three different types of
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type of chitin discussed above, commonly found in 
arthropods and fungi, has been named alpha-chitin while 
beta-chitin was discovered by Lotmar and Picken (1950) in 
the chaetae of the annelid polychaete Aphrodite aculeata 
and in the pen of the squid. A. third type, gamma-chitin, 
has been discovered by Rudall (1962) in the thick cuticle 
lining the stomach of the squid Loliao.
The structure of beta-chitin was refined by Gardner 
and Blackwell (1975), based on the unit cell and intensity 
data for specimens from the pogonophore Oligobrachia 
ivanovl. According to Gardner and Blackwell (1975), the 
structure consists of an array of poly-N-acetyl-glucosamine 
chains all having the same sense, linked together in sheets 
by N-H...0=C hydrogen bonding of the amide groups. In 
addition to the 03'-H...05 intramolecular hydrogen bond, 
analogous to that found in alpha-chitin, the CH2OH side 
chain forms an intrasheet hydrogen bond to the carbonyl 
oxygen on the next chain (06'-KU..07). The lack of 
intersheet hydrogen bonds, as occur in alpha-chitin, 
explains why beta-chitin, but not alpha-chitin, can be 
swollen in water.
Rudall (1963) proposed an attractive interpretation of 
these three distinct crystallographic types of chitin, 
differing only in the number of chitin chains in the unit 
cell. In the beta-chitin, each unit cell contains only one 
chitin chain, the different chains running in parallel
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cell, in antiparallel directions. Finally, the crystallites 
of gamma-chitin are formed by three chains, the central one 
being antiparallel between the two adjacent ones. These 
three forms are stable in boiling 5% KOH or NaOH, but the 
beta and gamma chitins are normally converted to the alpha- 
form by 6N HC1 (Rudall, 1963).
A comparison of these three distinct crystallographic 
types of chitin and Rudall's interpretations of alpha, beta 
and gamma-chitins are summarized by Deshpande (1986) in 
Appendix Fig. 1. More comprehensive information on chitin 
structure is available (Blackwell et al., 1978; Deshpande, 
1986; Dweltz, 1960; Hunt, 1970; Jeuniaux, 1971; Muzzarelli, 
1985c; Rudall, 1963, 1969; Rudall and Kenchington, 1973).
Occurrence and Availability of Chitin
Chitin is the second most abundant organic compound on 
earth (Ruiz-Herrera, 1978) next to cellulose. It is widely 
distributed in nature, especially in marine invertebrates, 
insects, fungi, and yeast (Austin et al., 1981). Wholly 
deacetylated chitin (i.e. chitosan) is found in various 
fungi. Chitin is not present in higher plants and higher 
animals (Rudall, 1969).
Chitin is present in most fungi as a major component 
of the cell wall, replacing cellulose or sometimes 
occurring together with cellulose-like materials (Rudall, 
1969). Since chitin is associated with other
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polysaccharides in the fungal cell walls, its presence
together with that of other polysaccharides has been used 
as a criterion in fungal taxonomy (Bartnicki-Garcia, 1968). 
Chitin is also present in the cytoplasm of some Oomycetes 
in the form of special granules called 'cellulin granules,1 
which are composed of glucan and chitin. These granules 
constitute the only exception where chitin is not present 
in the cell wall but is in the form of a cytoplasmic 
inclusion (Lee and Aronson, 1975; Ruiz-Herrera, 1978). The 
major classes of fungi that lack chitin are the 
Schizomycetes, Myxomycetes and Trichomycetes. Oomycetes and 
Hyphochytridiomycetes contain both chitin and cellulose 
(Bartnicki-Garcia, 1968; Ruiz-Herrera, 1978). Oomycetes 
contain chitin in two forms, in the hyphal walls along with 
vcellulose, and in unique cytoplasmic granules (Gooday,
1983). Zygomycetes contain chitosan and chitin, whereas
Ascomycetes, Basidiomycetes, and Deuteromycetes, with the 
sole exception of yeasts, contain chitin as the only
structural polymer. In general, conidia contain lower 
amounts of chitin than mycelia (Bartnicki-Garcia, 1968; 
Ruiz-Herrera, 1978). In yeasts, chitin is only a minor 
component, and is localized in the rim of the bud scars 
(Cabib and Bowers, 1971).
In algae, there is ample evidence that in two marine 
diatoms, Thallassiosira fluviatilis and Cyclotella 
crvptica. pure, homogeneously crystalline chitin is found 
(Falk et al., 1966) and that this comprises 10-15% of the
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dry weight of the organism (Allan et al., 1978). Herth et 
al. (1977) have reexamined the composition of the lorica, a 
cup with a stalk used for attachment to the substrate or 
other cells, of the flagellate chrysophycean alga 
Poteriochromonas stioitata (sQchromonas malhamensis  ^ and 
have found it to be composed of chitin microfibrils, 
steeply helical in the stalk.
The distribution of chitin in the animal kingdom has 
been thoroughly surveyed by Jeuniaux (1978). Among 
protozoa, chitin is used by most ciliates to build cyst 
walls. Chitin also constitutes the bulk of the stalks or 
stems of most hydrozoan colonies, but is rarely produced by 
Scyphozoa (jellyfishes) and Anthozoa, and is absent in 
sponges (Jeuniaux, 1978).
Chitin is the main structural polysaccharide of most 
invertebrates belonging to the Protostomia. The highest 
concentrations of chitin are in the arthropod cuticle, 
reaching values up to 80% (Jeuniaux, 1978; Muzzarelli, 
1977). Besides the arthropods, relatively large amounts of 
chitin may be found in the setae of annelids (from 20 to 
38% of dry weight), in the skeleton of the colonies of 
Bryzoa and in the shells and other structures (jaws, 
radulae, gastric shield) of many mollusc species (up to 7% 
of the dry organic matter in gastropods and bivalve shells, 
and up to 26% in cephalopoda). Chitin is absent in free and 
parasitic flatworms, nemerteans, sipunculids and leeches,
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and in some other groups, such as nematodes and rotifers, 
it is present only in the egg envelopes.
Marine benthic animals, besides crustaceans and 
molluscs, are also a rich source of chitin. Despite their 
small size, bryozoan and hydrozoan colonies yield a large 
biomass with relatively substantial amounts of chitin 
(Jeuniaux, 1978).
In animal structures, chitin is associated with 
proteins. In crustacean shells, chitin fibrils are embedded 
in a matrix of calcium carbonate and phosphate that also 
contains protein (Muzzarelli, 1977). In insect cuticles, 
the matrix is proteinaceous, the protein having been 
hardened by a tanning process (Muzzarelli, 1977; Rudall and 
Kenchington, 1973). Appendix Table 1 summarizes the 
distribution of chitin among various group of organisms 
(Deshpande, 1986). More detailed information on the 
distribution of chitin is given by Allan et al. (1978), 
Bartnicki-Garcia (1968), Deshpande (1986), Gooday (1983), 
Hunt (1970), Jeuniaux (1978), Muzzarelli (1973, 1977),
Rudall and Kenchington (1973), and Ruiz-Herrera (1978).
The chitin content of selected crustacea, insects, 
mollusca, and fungi has been summarized recently by Knorr 
(1984a) in Appendix Table 2, indicating that chitin is 
widely available from a variety of sources. Among these, 
the principal source is shellfish waste, especially shrimp 
and crab wastes (Allan et al., 1978). Studies of Ashford 
and coworkers (1977) have demonstrated that chitin
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represents 14-27% and 13-15% of the dry weight of shrimp 
and crab processing wastes, respectively. According to 
Allan et al. (1978), the total wastes generated by 
shellfish processing have been estimated at approximately 
50 to 60% of the landed weight, resulting in 468,000 tons 
of annual world shellfish waste availability. Waste 
materials from seafood processing in the U.S. could supply 
5.3 million to 7.8 million kg/year of chitin (Anonymous, 
1987). Allan et al. (1978) also mentioned that in the 
future, Antarctic krill may become an important 
supplemental chitin source. Conservative estimates suggest 
that as much as 500 billion kg of krill, yielding 150 
million kg of chitin, could be harvested annually without 
disturbing the stable population (Anderson et al., 1978).
Another important source of chitin is the waste from 
fungal-based fermentation industries, which generate 
790,000 tons of waste each year (Allan et al., 1978). Of 
this some 41,000 tons alone are produced as a result of 
citric acid production by Aspergillus niger. Calculating 
the amount of chitin in the mycelium as 22% of the total, 
this represents some 9,000 tons of chitin potentially 
available from this single source (Berkeley, 1979). Global 
estimates of annually accessible chitinaceous materials as 
potential chitin sources (Allan et al., 1978) are shown in 
Appendix Table 3.
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Chitin Associations in Crustacea
Chitinocarotenoids - It is well recognized that many 
animal species are able to convert ingested yellow plant 
carotenoids into oxygenated, and thus more polar, orange or 
red keto derivatives, and in some instances conjugate the 
latter to give variously colored chromoproteins (e.g. in 
blood, eggs, skin or feathers), or in certain hydrocoral 
skeletons, calcareous esters (Fox, 1973).
There are numerous reports of carotenoproteins 
recovered from exoskeletal parts of crustaceans (Cano- 
Lopez et al., 1987; Garate et al., 1984; Milicua et al., 
1985a,b; Villarroel et al., 1985), but only a few studies 
have been done to identify the bonding forms of carotenoids 
to chitin in Crustacea (Fox, 1973). Fox (1973) initially 
investigated whether the red pigment was-associated, as in 
some hydrocorals, with the calcareous component of the 
exoskeleton of red kelp crab, Talieous nuttallii. However, 
aqueous citric acid, Na2EDTA or dilute HC1 dissolved the 
calcium carbonate, leaving all pigment firmly associated 
with the tough and pliable chitinous pieces. It also has 
been discounted that carotenoids are bound to the 
scleroprotein, as occurs for instance in some feathers. 
Boiling chips of red carapace in strong alkali, either 
before or after decalcification, did not release the 
carotenoids. These results indicate that in the Talieous 
material, carotenoids are bound to chitin itself. Fox 
(1973) found one 4-keto and three 4,4’-diketo-beta-carotene
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derivatives firmly bonded to the exoskeletal chitin. The 
action of several reagents on chitino-carotenoids in 
crustacean are summarized by Fox (1973) in Appendix Table
4.
Chitinoprotein - Chitin occurs naturally in 
association with protein. Some of this protein can be 
extracted by mild methods, but a portion is not readily 
extracted, suggesting covalent bonding to chitin (Attwood 
and Zola, 1967). The degree of this interaction has been 
classified on the basis of the solubilization of proteins 
from such complexes as a) not bound, b) loosely bound by 
van der Waal's forces, c) hydrogen bonded, and d) firmly 
bonded (Hackman, 1972).
Experimental evidence of covalent bonds between chitin 
and protein in crustacean shells has been obtained by 
several workers. Foster and Hackman (1957) have shown that 
in the cuticle of crab, Cancer pacmrus L., part of the 
protein is bound chemically to chitin.
Hackman (1960) reported that exclusively aspartyl and 
histidyl amino acid residues remained attached to chitin 
from insects, Crustacea (crab and crayfish), cuttlefish, 
and squid after hot alkali treatment. In every instance, 
protein was bound by covalent bonds to the chitin through 
aspartyl or histidyl residues, or both, thus forming 
glycoproteins. In view of the stability of the linkage to 
hot alkali and its instability to hot acid, he proposed
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that this bond could be in the form of an N- 
acylglucosamine.
Karlson et al. (1969) found that the horseshoe crab 
(Limulus polvphemus) shell complex was relatively rich in 
glycine and alanine even after mild alkali treatment. 
Herzog et al. (1975) employed reagents and proteolytic 
enzymes to investigate the chitin-protein complex obtained 
from crayfish (Astacus fluviatilisl by gentle 
decalcification with acetic acid and EDTA. These workers 
pointed out that lithium rhodanide, urea, and anhydrous 
formic acid have little effect on the stability of the 
chitin-protein complex, while pronase and papain removed 
most of the protein, and anhydrous formamide at 140°C, and 
IN NaOH at 100°C removed all of it. It was also observed 
that the protein remaining bound to the chitin after 
treatment of the chitin-protein complex with pronase or 
papain is relatively rich in glycine and concluded that the 
chitin is present in a stable complex with protein, 
covalently bound through glycine.
More recent findings by Brine and Austin (1981) 
indicated that chitin isolates from several marine 
invertebrates all contained significant amounts of 
covalently bound amino acids (0.7-34.8 mol%), indicating 
substantial species-related variations. Even after 
exhaustive stringent alkaline extraction, up to 0.5 mol% of 
amino acids remained in the chitinous residues. It was 
concluded that aspartic acid, serine, and glycine were the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
17
most prevalent amino acids In the residual chitins and 
could be involved in the covalent linkage between chitin 
and protein.
Chitin-protein complexes of several crustacean species 
showed great variability in ratios of chitin to covalently 
bound protein and in residual protein in the purified 
chitin. According to Austin et al. (1981), the strongly 
covalently bound protein, remaining after a series of acid 
and alkali treatments, varied with species from 3.1% of the 
dry shell in the red crab to 27.9% in horseshoe crab. The 
ratios of chitin to covalently bound protein in the shells 
of the different species were strikingly different: 2.8 to 
1 for the blue crab, 3.2 to 1 for the stone crab, 9.0 to 1 
for the red crab, 1.7 to 1 for the brine shrimp, and 0.9 to 
1 for the horseshoe crab (Appendix Table 5). Based on these 
data, Austin et al. (1981) concluded that each species has 
its own characteristic protein binding matrix and no simple 
relationship exists between chitin content and the amount 
of covalently bound protein in the chitin-protein complex.
In related studies, Brine (1982) further investigated 
the specific chitin-protein bonding type and found that 
amide bonding of chitin to protein predominated in all 
species through N-glycosidic linkage to aspartic acid 
asparagine). More extensive information on this subject is 
available from Hunt (1970) and Muzzarelli (1973, 1977).
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Production of Chitin and Chitosan
Several procedures have been developed over the years 
to prepare chitin and chitosan. These form the basis of the 
chemical processes for industrial production of chitin and 
chitosan from crustacean shell waste. Crustacean shell 
waste, such as crab, shrimp, lobster, and crawfish, is not 
only the richest source of chitin (in general 20-30% on a 
dry basis) but also the only source, particularly Blue crab 
waste, presently available in quantities sufficient to 
support a chitin/chitosan industry (Johnson and Peniston, 
1982) .
Isolation of chitin from crustacean shell waste 
consists of two basic steps: (1) protein separation, and 
(2) calcium carbonate (and calcium phosphate) separation. 
Many authors have followed the procedure of acidic 
decalcification after removal of protein (Muzzarelli,
1977). Crustacean shell waste is usually ground and treated 
with dilute sodium hydroxide solution (1-10%) at elevated 
temperature to dissolve protein. If protein recovery is 
desired, the pH of the aqueous solution is reduced to the 
isoelectric point of protein for precipitation (Green and 
Mattick, 1979). The residual material is then treated with 
dilute hydrochloric acid (up to 10%) at room temperature to 
dissolve the calcium carbonate as calcium chloride (Fig. 
2). Among such methods are those of Anderson et al. (1978), 
Bough et al. (1978), Hackman (1954), and Kamasastri and 
Prabhu (1961). For example, Anderson et al. (1978) treated
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Crustacean Shell
Collection
Size Reduction
Deproteinization < NaOH
Washing
Demineralization <------ .HC1
Washing and Drying
Chitin
Deacetvlation <------- NaOH
Washing and Drying
Chitosan
Fig. 2. Simplified flow diagram of chitin and chitosan 
processing.
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Antartic krill (Euphausia suoerba) with 3.5% NaOH solution 
at 90-95°c and 0.6N HC1 at room temperature. Bough et al. 
(1978) also treated shrimp hulls with 3% NaOH at 100°C and 
IN HCl at room temperature. Hackman (1954) prepared chitin 
from lobster shells with 2N HCl at room temperature and IN 
NaOH at 100°C. Notable exceptions are the method of 
Horowitz et al. (1957) where demineralization is 
accomplished with 90% formic acid at room temperature; that 
of Whistler and BeMiller (1962) where demineralization is 
accomplished in 37% HCl at -20°C; and the method of Brzeski 
(1982) where deproteinization is carried out with 3.5% NaOH 
at 25°C. Depending on preparation method, the reaction time 
and temperature may differ widely. The former usually 
ranges from less than one hour to several days; 
temperatures range from less than 0°C to 100°C (Muzzarelli,
1977).
Some of these methods include drastic treatments that 
may cause modifications, such as depolymerization and 
deacetylation of the native chitin (Foster and Webber, 
1961). To avoid this, certain methods have been developed 
to minimize degradation by the use of milder treatment 
conditions. These methods accomplish demineralization and 
deproteinization by employing mild acids and enzymes. 
Austin et al. (1981) used EDTA for decalcification while 
Foster and Hackman (1957) used EDTA for both 
decalcification and deproteinization at controlled pH. Use 
of acetic acid for decalcification has been described by
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Madhavan and Ramachandran (1974). A sulfurous acid process 
has been studied recently (Penlston and Johnson, 1978). 
Some Investigators (Hackman, 1960; Shlmahara et al., 1982; 
Takeda and Abe, 1962; Takeda and Katsuura, 1964) have 
attempted to remove protein by enzymatic digestion. While 
these treatments do not apparently deeply modify chitin, 
complete removal of protein was not attained. Broussignac 
(1968) suggested that when chitin is not the final desired 
product, but an intermediate step in the chitosan 
production process, enzymatic treatment can be conveniently 
replaced by alkali treatment at high temperature.
In addition, when a bleached product is desired, 
pigments can be eliminated with cold sodium hypochlorite 
solution (containing 0.5% available chlorine) (Blumberg et 
al., 1951), absolute acetone (Kamasastri and Prabhu, 1961), 
3% hydrogen peroxide (Brine and Austin, 1981), or ethyl 
acetate (Brzeski, 1982).
More detailed information on chitin processing can be 
found in Blumberg et al. (1951), Hirano and Tokura (1982), 
Johnson and Peniston (1982), Muzzarelli (1977), and 
Muzzarelli and Pariser (1978).
Conversion of chitin to chitosan is generally achieved 
by treatment with concentrated sodium hydroxide solution 
(40-50%) at 100°C or higher to remove some or all of the 
acetyl groups from the polymer (Fig. 2). N-acetyl groups 
can not be removed by acidic reagents without hydrolysis of 
the polysaccharide, and alkaline methods must be employed
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for N-deacetylation (Muzzarelli, 1977). According to Rigby 
(1936), six factors affect the extent of deacetylation: 
concentration of the alkali, temperature of deacetylation, 
time of reaction, previous treatment of the chitin, 
particle size, and density of the chitin. The latter two 
factors affect the penetration rate of the alkali. In the 
deacetylation reaction, conditions are sought that will, in 
a reasonable time, sufficiently deacetylate the chitin to 
yield a chitosan product soluble in dilute acetic acid, but 
one which is not significantly degraded.
Lusena and Rose (1953) have studied the preparation 
and viscosity of chitosans. Chitosan (at least 65% 
deacetylation) soluble in 0.1M sodium acetate buffer (pH 
4.6) was obtained by treatment with 55% potassium hydroxide 
solution for 30 min at 100°c. Under several different 
deacetylation conditions, Lusena and Rose (1953) obtained 
results as follows: decreasing the alkali concentration
increased the time required to obtain soluble chitosans 
with a less viscous product; increasing the alkali 
concentration to saturation had little effect on 
deacetylation and viscosity; prolonged time or higher 
temperature increased the percentage of deacetylation and 
reduced molecular size. Regarding effect of temperature on 
rate of deacetylation, Peniston and Johnson (1980) 
described a substantially linear relationship between 
temperature (plotted along the abcissa as 1/T in °K) and
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the rate of deacetylation (plotted logarithmically along 
the ordinate).
Wu and Bough (1978) also have studied the effects of 
time of deacetylation and alkali concentration on 
deacetylation. According to Wu and Bough (1978), 
deacetylation proceeds rapidly to about 70% during the 
first 1 hr of alkali treatment in 50% NaOH solution at 
100°C. However, it progresses only gradually after this, 
reaching 80% in 5 hr. Thus, alkali treatment beyond 2 hr 
does not deacetylate significantly, but serves only to 
degrade the molecular chain. In the concentration study 
with 35, 40, and 50% NaOH, as alkali concentration
decreased, rates of decrease in both viscosity and 
molecular-weight distribution slowed down. However, if 
conditions are too mild, the resulting product will be 
insoluble in weak acid. Wu and Bough (1978) reported that 
at a concentration of 35% NaOH at 100°C, a deacetylation 
time of 27 hr was required to give a soluble product.
It is difficult to prepare, by the usual method, a 
chitosan with a degree of deacetylation more than 90% 
without chain degradation. Some attempts have been made to 
prepare chitosan with more than 90% deacetylation, but the 
product obtained was highly degraded (Horowitz et al., 
1957; Horton and Lineback, 1965). However, recently Mima et 
al. (1983) established a method for preparing a chitosan 
product with a desired degree of deacetylation up to 100%, 
without serious degradation of the molecular chain.
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Effective deacetylation was readily attained by 
intermittently washing the intermediate product in water 
two or more times during the alkali treatment for less than 
5 hr in 47% NaOH at 110°C. Lusena and Rose (1953) also 
reported that deacetylation of 1 hr in two half-hr stages 
separated by washing and drying is as effective, in terms 
of degree of deacetylation, as one continuous 15-hr 
deacetylation. Furthermore, the product becomes more 
viscous. The shortened alkali exposure time avoids 
degradation of molecular chains of the final chitosan 
product.
The size of chitosan molecules is most affected by 
demineralization treatment of the chitinous raw material to 
obtain the crude chitin, resulting in partial or extended 
depolymerization (Brzeski, 1982; Johnson and Peniston, 
1982; Lusena and Rose, 1953). Lusena and Rose (1953) 
suggested use of HCl not lower than pH 3 to yield chitosans 
of higher viscosity. Thus, satisfactory chitosan production 
depends largely on the acid treatment.
The effect of particle size on the quality of chitosan 
products and deacetylation rate were investigated by Bough 
et al. (1978). Results indicated that smaller particle size 
(1 mm) led to chitosan products of both higher viscosity 
and molecular weight than those of either 2 or 6.4 mm 
particle size. Bough et al. (1978) also found that 
deacetylation rate is largely determined by the extent of 
swelling of the chitin particles. Thus, a larger particle
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size requires longer swelling tine, resulting in a slower 
deacetylation rate. In contrast, Lusena and Rose (1953) 
stated that the size of chitin particle within the 20-80 
mesh range had no effect on the extent of deacetylation and 
viscosity of the chitosan solutions.
Rigby (1936) earlier showed that free access of oxygen 
to chitin during deacetylation had a substantial degrading 
effect on the chitosan product. This was confirmed by 
Lusena and Rose (1953) and Bough et al. (1978), in that 
deacetylation in an atmosphere of nitrogen yielded 
chitosans of higher viscosity and molecular-weight 
distributions than did deacetylation in air. The 
degradative effect of air became more pronounced with 
increased deacetylation time.
A more extensive description of the chitosan 
manufacturing process can be obtained from Hirano and 
Tokura (1982), Johnson and Peniston (1982), Muzzarelli 
(1977), Muzzarelli and Pariser (1978), and Peniston and 
Johnson (1980).
Applications of Chitin and Chitosan
Over the last several years chitinous polymers, 
especially chitosan, have been receiving increased 
attention for their applications in the chemical, 
biomedical, and food industries. Such uses include: (1)
wastewater treatment (coagulant and chelator); (2) 
pharmaceutical and biomedical fields (potentiator for
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antibiotics, wound-healing promotor, surgical sutures, 
contact lenses, etc.); (3) enzyme immobilization and 
purification; (4) food formulation (binder and gelling 
agent, thickener and stabilizer, encapsulating agent, fiber 
source for low caloric foods, controlled release agent, 
etc.). Since 1977, three international conferences on 
chitin/chitosan (Hirano and Tokura, 1982; Muzzarelli and 
Pariser, 1978; Zikakis, 1984) and various review articles 
(Knorr, 1984a,b; Muzzarelli, 1977, 1983, 1985a,b,c; Rha,
1984; Rha et al., 1984) have provided considerable 
information on applications of chitinous polymers. Some of 
these are described below.
(1) Use as a Coagulant in Wastewater Treatment
The prime commercial applications for chitosan 
currently are in industrial wastewater treatment and 
recovery of feed grade material from food processing 
plants. Since chitosan carries a partial positive charge, 
it functions as a polycationic coagulating agent in waste 
water treatment applications (Peniston and Johnson, 1970).
A mechanism of action of polymeric flocculating agents 
is described by LaMer and Healy (1963) in which the polymer 
destabilizes a colloidal suspension by adsorption of 
particles and subsequent formation of particle-polymer- 
particle bridges. This is generally true for anionic and 
nonionic polyelectrolytes that are used to coagulate 
negative colloids. Cationic polymers that are positively 
charged can destabilize a negative colloidal suspension by
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charge neutralization as well as bridge formation (O'Melia, 
1972) .
Several studies have demonstrated the effectiveness of 
chitosan for coagulation and recovery of suspended solids 
in processing wastes from poultry (Bough et.al., 1975), 
eggs (Bough, 1975a), cheese (Bough and Landes, 1976; Wu et 
al., 1978), meat and fruit cakes (Bough, 1976), seafood 
(Bough, 1976; Johnson and Gallanger, 1984), and vegetable 
operations (Bough, 1975b; Moore et al., 1987). These 
studies indicate that chitosan can reduce the suspended 
solids of various food processing wastes by 70 to 98%. In 
certain instances, such as with poultry (Bough et al., 
1975), eggs (Bough, 1975a), meat, and seafood wastes 
(Bough, 1976), reductions in the chemical oxygen demand 
(COD) of 60 to 80% have been obtained. In addition to 
reduction of waste load, the coagulated by-products 
recovered from food processing wastes with chitosan contain 
significant amounts of protein (30-75%) and could be useful 
as sources of protein in animal feeds (Bough and Landes,
1978).
Bough et al. (1975), for example, observed that 
treatment of poultry processing wastes with 5 mg/L chitosan 
as a coagulating agent reduced suspended solids in the 
composite effluents by 74-94% and the dry coagulated solids 
contained 54.0% crude protein and 29.4% fat. Proteinaceous 
solids recovered from cheese whey, with and without 
chitosan as a coagulating agent, were found to have protein
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efficiency ratios (PER) equivalent to the casein control 
(Bough and Landes, 1976).
In some instances, chitosan has been used in 
conjunction with a synthetic polyelectrolyte or an 
inorganic salt to increase treatment effectiveness. With 
egg-breaking wastes (Bough, 1975a), 100-200 mg/L chitosan 
and 2-20 mg/L of the synthetic coagulant Betz 1130 
effectively coagulated suspended solids in wastewater. 
Suspended solids were reduced by 70-90%, and COD by 55-75%. 
The amino acid composition of five coagulated egg by­
products were comparable to that of whole eggs.
Chitosan also is effective for dewatering activated 
sludge suspensions resulting from biological treatment of 
brewing and vegetable canning wastes (Bough, 1976). Asano 
et al. (1978) found that chitosan is effective for 
conditioning municipal and industrial sludges. Among 
various polyelectrolytes, the chitin-chitosan derived 
polymers known as Flonac in Japan have been widely used for 
sludge dewatering applications. This is due mainly to their 
effectiveness in sludge conditioning, rapid 
biodegradability in soil environments, and economic 
advantages in centrifugal sludge dewatering (Asano et al.,
1978). Further information is available in the publications 
of Green and Kramer (1979), Knorr (1984a,b), Muzzarelli 
(1977), Muzzarelli and Pariser (1978), and O'Melia (1972).
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(2) Use as a Ligand-Exchange Chromatographic Support
The principle upon which ligand-exchange 
chromatography is based is that a transition metal is fixed 
on a solid support and this solid sorbent can be used for 
exchange of bound ligands of the metal. By using this 
system, ligands such as amino acids and amines can be 
removed from their medium by formation of complexes with 
the metal attached to the support, and consequently water 
or liquid coordinates of the metal will be displaced 
(Hemmasi, 1975; Siegel and Degens, 1966).
In earlier procedures, Sephadex complexed with copper 
was used in column chromatography for separation of amino 
acids from peptides under alkaline conditions (Fazakerley 
and Best, 1965). Ligand-exchange chromatography on thin 
layers and columns of natural and substituted celluloses 
also has been performed by loading these supports with 
metals such as antimony, cobalt, mercury, and silver 
(Muzzarelli et al., 1969).
New developments in ligand-exchange chromatography 
began with the use of resins such as Chelex 100, which 
contains imminodiacetate functional groups with a stronger 
affinity for metals. A number of articles have been 
published proposing ligand-exchange separation of amino 
acids on Chelex 100 on the copper or nickel forms 
(Bellinger and Buist, 1973; Boisseau and Jouan, 1971; Buist 
and O'Brien, 1967; Doury-Berthod et al., 1977; Hemmasi, 
1975; Hemmasi and Bayer, 1975; Semechkin et al., 1977;
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Siegel and Degens, 1966). For example, Siegel and Degens 
(1966) were successful in removing amino acids from sea 
water by ligand-exchange on copper-Chelex 100 resin and 
claimed that all amino acids, with the exception of 
cystine, were recovered completely at pH 8-9 with 100% 
recovery. In the case of cystine, the amino acid was 
converted to cysteic acid and recovered in that form. In 
experiments for separation of alpha-amino acids from 
peptide, Bellinger and Buist (1973) reported that copper- 
Chelex 100 quantitatively bound all of the common amino 
acids except aspartic acid and glutamic acid, even at pH 
10.0-10.2.
Muzzarelli and coworkers have described the high 
capacity for transition metal ions exhibited by chitosan 
(Muzzarelli, 1973, 1977; Muzzarelli et al., 1978b). Its
superior characteristics in comparison with those of Chelex 
have been emphasized; namely, absence of swelling, great 
copper capacity, hydrophilicity, and porous structure 
(Hauer, 1978; Muzzarelli, 1973, 1977; Muzzarelli and
Rocchetti, 1974; Yaku and Koshijima, 1978).
Based on the above information on chitosan, Muzzarelli 
et al. (1978c) undertook an experiment to assess chitosan 
behavior toward some amino acids as a ligand-exchanger in 
the copper form. Results showed that certain amino acids 
especially aspartic acid, glutamic acid, tryptophan, and 
cysteine are retained on the copper form and on the amino 
copper form of chitosan with good yields. Optimal
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conditions for collection and for elution were In phosphate 
buffers at pH 7 and 12, respectively. During collection of 
the amino acids, and as a consequence of the pH variations 
introduced by the buffers selected, Muzzarelli et al. 
(1978c) found no leakage of copper or ammonia and no 
observable swelling or clogging. It was concluded that 
these supports were feasible for the recovery of certain 
amino acids and for their separation.
(3) Use as an immobilizing Agent for Enzymes and Whole 
Cells
Recently, chitin and chitosan have been used as 
supports for the immobilization of enzymes. A carrier for
immobilization of enzymes should be superior in
preservation of enzyme activity, solidity and durability, 
and also less expensive and non toxic, especially for food 
processing (Kasumi et al., 1977). From these points of 
view, chitinous polymers offer several advantages as solid 
supports for enzymes.
Chitin has been used to immobilize enzymes, for
example, alpha-chymotrypsin, acid phosphatase (Stanley et 
al., 1975), lactase (Masri et al., 1978; Stanley et al., 
1975), glucose isomerase (Chen and Weng, 1983; Stanley et 
al., 1976), papain (Finley et al., 1977), glucoamylase 
(Flor and Hayashida, 1982; Stanley et al., 1978), invertase 
(Masri et al., 1978; Synowiecki et al., 1981a,b), 
amyloglucosidase, alpha-amylase, diastase (Synowiecki et 
al., 1981b), glucose oxidase, catalase (Liu, 1982), urease 
(Tyengar and Rao, 1982), and trypsin (Nozawa et al., 1982).
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According to Synowiecki et al. (1981b), the activity of 
enzymes immobilized on chitin depends on the degree of 
deproteinization of chitin, availability of amino groups, 
content of minerals, mesh size, structure of the surface, 
and conformation of the chitin molecule. This suggests that 
the process of chitin preparation must be carefully 
controlled to allow further improvement of the performance 
of immobilized enzymes on chitinous supports. Chitosan has 
been used to immobilize several enzymes, such as alpha- 
chymotrypsin, acid phosphatase (Muzzarelli et al., 1976), 
glucose isomerase, urease, glucamylase, trypsin, glucose 
oxidase (Kasumi et al., 1977), alpha-glucosidase (Bisset 
and Sternberg, 1978), lysozyme (Muzzarelli et al., 1978a), 
trypsin, pronase, and subtilisin (Leuba and Widmer, 1979).
Enzymes are immobilized on chitin' and chitosan by 
simple adsorption or covalent binding, usually in the 
presence of glutaraldehyde. The occurrence of nonacetylated 
amino groups on chitin and chitosan can aid in anchoring 
bridge molecules like glutaraldehyde when attempting to 
establish covalent bonds with the protein (Leuba and 
Widmer, 1979; Muzzarelli et al., 1976; Stanley et al., 
1975). Kasumi et al. (1977) assumed that formation of 
covalent bonds between amino groups of chitosan and 
carboxyl groups of enzyme takes place in immobilization of 
enzymes, and other binding between amino groups of chitosan 
and sulfhydryl or hydroxyl groups of enzyme might be 
created.
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Enzymes used for immobilization on chitin and chitosan 
are supplied in the liquid state. However, Nozawa et al.
(1982) applied a solid-state mix-grinding system to 
immobilize trypsin on chitin and chitosan. The enzymatic 
activities of the immobilized trypsin were greater than 
those obtained with a solution system.
Entrapment is one of the most widely used
immobilization methods for whole cells and entrapment in
ionotropic gels provides extremely mild conditions (Vorlop 
and Klein, 1981). Currently, simple inexpensive
immobilization in calcium-alginate gels is one of the more 
popular methods. Vorlop and Klein (1981) have developed a 
new matrix which also uses ionotropic gel formation, 
however, polycations such as chitosan are crosslinked with 
multivalent anions as counterions.
Interaction of a number of amino acids with chitosan 
and with chitosan-Cu chelates has been studied (Muzzarelli 
et al., 1978c) to establish a background for the
understanding of the mechanism of immobilization of enzymes 
on chitin and chitosan (Muzzarelli, 1980). Further 
information is available from Hirano and Tokura (1982) and 
Muzzarelli (1977, 1980).
(4) Use as a Functional Ingredient in Food 
Formulations
The food processing industry extensively uses 
polysaccharides in food product development and processing 
for purposes of imparting desirable functional properties 
such as thickening, gelling, emulsifying, whipping, etc.
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Without exception, chitinous polymers have been documented 
to posses several distinctive properties (Knorr, 1984a). 
For instances, water uptake of chitin, microcrystalline 
chitin, and chitosan was found to be significantly higher 
than that of microcrystalline cellulose, with chitosan 
having the greatest water uptake (Knorr, 1982). Possible 
explanations for differences in water uptake between chitin 
and chitosan, which range from 230 to 440% (w/w) include 
dissimilarities in the crystallinity of the products, in 
the amount of salt-forming groups, and in the protein 
contents of the materials (Knorr, 1982). Fat uptake of 
chitin, microcrystalline chitin, and chitosan ranging from 
170 to 315% also has been examined (Knorr, 1982), with 
chitosan having the lowest and chitin the highest fat 
uptake.
Emulsion properties were studied under practical 
conditions (Knorr, 1982). Microcrystalline chitin (MCC) 
showed good emulsion capacity of 900 + 47 ml oil/g MCC when 
sonication was used to produce emulsions. Chitin and 
chitosan, however, failed to produce emulsions. Use of 
chitosan as a lipid-binding food additive was patented by 
Furda (1980).
Dun and Farr (1971) showed that microcrystalline 
chitin produces dispersions superior to microcrystalline 
cellulose under room-temperature storage conditions, 
repeated retort sterilization, and repeated freeze-thaw
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cycles. Use of microcrystalline chitin was proposed as a 
stabilizer-thickener in foods.
Addition of microcrystalline chitin to wheat flour and 
protein-fortified bread increased the specific bread volume 
(Knorr, 1982). Increase in loaf volume with increasing 
microcrystalline chitin addition indicates the surfactant 
properties of chitin.
Dye binding properties of chitin and chitosan using FD 
& C Red No. 40 recently have been investigated by Knorr
(1983). Dye binding capacity of chitin was stable within a 
pH range of 2.0-7.0 and that of chitosan was constant 
between pH 7.0 and 5.5.
Gelling properties of chitosan have been studied 
extensively by Vorlop and Klein (1981). The ionotropic 
gelation of chitosar. with different anionic counterions 
resulted in gels with a mechanical stability equivalent to 
those of calcium-alginate gels. More details on functional 
properties of chitinous polymers can be obtained from 
Muzzarelli (1977) and Knorr (1984a,b, 1986).
Crawfish Waste as Sources of Chitin and Chitosan
The production of chitin/chitosan from crustacean 
shells obtained as a food industry byproduct is 
economically feasible, especially if the process includes 
recovery of the carotenoid, astaxanthin (Muzzarelli, 
1985a,b).
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Millions of pounds of usable biomass are discarded 
yearly from the rapidly expanding Louisiana crawfish 
industry. Studies (Chen and Meyers, 1982a,by Meyers and 
Chen, 1985) have demonstrated the feasibility of 
utilization of this waste, especially as a valuable source 
of the naturally occurring carotenoid astaxanthin. In 
production of astaxanthin, a significant amount of shell 
portion, not susceptible to pigment extraction, is 
separated at the initial processing stage. Compared with 
whole crawfish waste, this shell portion is an excellent 
source of chitin since it has a lower moisture content and 
contains less potentially interfering colloidal compounds, 
such as protein. Present studies have demonstrated that 
crawfish waste shell contains about 23% chitin, on a dry 
basis.
To date the majority of efforts involved in isolation 
of chitin from crustacea have been with shrimp and crab 
waste shell (Blumberg et al., 1951; Hirano and Tokura, 
1982; Johnson and Peniston, 1982; Muzzarelli, 1977; 
Muzzarelli and Pariser, 1978). Currently, crab waste from 
the Pacific Northwest area of the United States is being 
used as a commercial source of chitosan. Ashford and 
coworkers (1977) have demonstrated that chitin represents 
14-27% and 13-15% of the dry weight of shrimp and crab 
processing, respectively. Austin et al. (1981) also 
observed that various crustacean wastes contained
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significantly different chitin levels, i.e., from 14.9% for 
Blue crab to 27.6% for Red crab and 27.2% for Brine shrimp.
Salient features of crawfish waste shell demonstrate 
its desirability as a source for ultimate production of 
chitin/chitosan biopolymers. These include its multi­
million ton volume and availability, potential cost- 
effective integration with an existing commercial pigment 
recovery process, and significant yields. Equally 
significant is the current and future growth of the 
Louisiana crawfish industry.
In view of the increasing need for reliable and 
renewable sources of raw material for chitin/chitosan 
production (Allan et al., 1978) and promising commercial 
applications (Hirano and Tokura, 1982; Knorr, 1984a,b; 
Muzzarelli, 1977, 1983, 1985a,b,c; Muzzarelli and Pariser, 
1978; Eha, 1984; Rha et al., 1984; Zikakis, 1984), 
effective exploitation of this crawfish shell waste for 
production of chitinous polymers appears realistic.
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MATERIALS AND METHODS
The following experimental approach is divided into 
three closely related sections for purposes of convenience 
in presentation and description of the different 
investigations conducted.
I: PREPARATION OF CHITIN AND CHITOSAN FROM CRAWFISH WASTE
A. Sample Collection and Preparation
Dried ground crawfish waste, designated as crawfish 
whole meal, and crawfish shell, separated through a 
commercial vertical hammer mill, were obtained from 
Acadiana Processors, Inc. (Henderson, LA). This comprised 
predominately Procambarus clarkil. however it is possible 
that small amounts (<5%) of Procambarus acutus acutus were 
present. The crawfish meal included the intact 
cephalothorax, abdominal exoskeleton, and viscera. The 
crawfish meal and shell were placed separately into double 
black polyethylene bags, iced for 1 hr during transport, 
and stored at -20°C until used.
Prior to use, the frozen crawfish shell was thawed at 
room temperature, washed and scraped under running hot 
water to remove soluble organics and adherent protein, and 
dried in a forced-air oven at 60°C for 24 hr. The dried 
shell was ground through a Wiley mill (Standard Model No. 
3, Arthur H. Thomas Co., PA) with a 2 mm mesh screen and
38
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sifted with 10, 20, and 35 mesh sieves using a portable 
sieve shaker (Model RX-8 , The W.S. Tyler Co., Mentor, OH) 
for subsequent experiments evaluating different particle 
sizes. Dried ground shell was placed in opaque plastic 
bottles and stored at ambient temperature. Crawfish meal 
was ground again to pass through a 2 mm mesh screen in a 
Wiley mill, packed in plastic bags, and stored at -20°C.
B. Isolation of Crawfish Chitin
The approach for chitin production from crawfish shell 
involved three basic steps: (1) deproteinization; protein 
separation with dilute sodium hydroxide solution, (2) 
demineralization; removal of calcium carbonate with dilute 
hydrochloric acid, and (3) decoloration: elimination of
pigment with bleaching agents. These procedures are 
comparable to those applied to other potential chitin 
sources, mainly crab, but were examined and appropriately 
modified to achieve maximal process efficiency with the 
crawfish byproduct. This was necessary, since crustacean 
chitin-protein complexes exhibit considerable variability 
between species in ratio of chitin to covalently bound 
protein and in the residual protein present in the purified 
chitin (Appendix Table 5).
The physical and chemical properties of chitin 
product, i.e., molecular weight, solubility, and degree of 
deacetylation, vary significantly with different process 
conditions, i.e., concentration of acid and alkaline
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reagents, reaction time and temperature, and solid/solvent 
ratios. Thus, it was necessary to examine aspects that 
ultimately directly affect product quality and yield to 
establish optimal conditions for subsequent isolation of 
crawfish chitin. These are summarized in Table 1.
Table 1. Parameters studied to establish optimal conditions 
for isolation of crawfish chitin
1. Particle size: 10-20, 20-35, and >35 mesh
2. Raw material: crawfish shell and meal
3. Deproteinization:
a) Concentration of alkali: 2%, 3%, 3.5%, and IN
b) Length of treatment: 1, 2, 3, 4, 5, and 6 hr
c) Reaction temperature: ambient temperature, 65°, and 
100°C
d) Ratio of solid to solvent: 1:10, 1:15, and 1:20
4. Demineralization:
a) Concentration of acid: 0.5N and IN
b) Length of treatment: 0.5, 1, 2, 3, 4, 5, and 6 hr
c) Reaction temperature: ambient temperature
d) Ratio of solid to solvent: 1:10, 1:15, and 1:20
5. Decoloration:
a) Bleaching agent: dilute sodium hypochlorite, 3% 
hydrogen peroxide, ethyl acetate, dilute potassium 
permanganate, acetone, ethanol, and ether
b) Length of treatment: 5, 10, 30 min, and 1 hr
c) Reaction temperature: ambient temperature and 100°C
d) Ratio of solid to solvent: 1:10, 1:15, and 1:20
Concurrent with the aforementioned, the physical and 
chemical properties were determined to assess product 
quality. Optimal conditions were considered those giving 
nitrogen content closest to the theoretical value of 6.9%
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
41
for pure chitin and minimum ash content together with 
minimum of reagents and reaction time/temperature.
All experiments were conducted with 20-35 mesh size 
dried ground shell to obtain consistent results except for 
one test for evaluation of different particle sizes. After 
establishment of optimal treatment conditions, crawfish 
chitins were prepared from three different particle sizes 
(10-20, 20-35, and >35 mesh) of crawfish shell and crawfish 
meal to compare extraction efficiency.
C. Preparation of Chitosan
Conversion of chitin isolate to chitosan was achieved 
by reaction with hot concentrated sodium hydroxide solution 
(30-50%) for various lengths of time, i.e., 0.5 to 5 hr. 
Since the nature of the final product depends upon reaction 
time and temperature, and atmospheric conditions, all these 
factors, except reaction temperature, were studied in 
chitosan production.
The chitin samples were reacted with 30, 40, or 50% 
NaOH (w/w) solutions using a solid to solvent ratio of 1:10 
(w/v). Deacetylation was conducted in a 250 mL, three­
necked reflux vessel at 100°C for 0.5 to 5 hr, both in a 
nitrogen and air atmosphere. Immediately following 
deacetylation, the hot mixture was transferred to a 
stainless-steel beaker containing ice and water for rapid 
cooling. The chitosan was isolated by vacuum filtration 
followed by washing in running tap water to neutrality.
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Chitosan products were rinsed with deionized water and 
dried in a forced-air oven at 60°C for 4 hr. The samples 
were subjected to chemical and physical analyses according 
to subsequently described procedures.
D. Protein Recovery
After deproteinization, the reaction mixture was 
filtered and the filtrate centrifuged again at 10 ,000 rpm 
for 15 min to remove extraneous solids. The clarified 
extract was adjusted with IN HC1 to pH 4.5 with stirring 
and allowed to settle for 3 hr at ambient temperature. The 
protein precipitates were separated by centrifugation at 
10,000 rpm for 15 min, washed with deionized water by 
repeated centrifugation (Sorvall RC-5C automatic superspeed 
refrigerated centrifuge, Sorvall Instruments), and dried in 
a vacuum oven at 50°C for 8 hr. The dried protein was 
analyzed for moisture, protein, ash, and amino acids.
E. Analytical Methods
1. Chemical Composition
Values for nitrogen, ash, fat, and crude fiber 
content were averaged in triplicate based upon weights of 
the dry sample. Nitrogen was determined by a semiautomated 
method (AOAC, 1980); ash, fat, and crude fiber by Standard 
Methods (AOAC, 1980); chitin by the method of Black and 
Schwartz (1950). In addition to proximate analysis, levels 
of calcium, magnesium, manganese, iron, and potassium were
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analyzed with a Perkin-Elmer atomic absorption 
spectrometer. Phosphorus content was analyzed according to 
the AOAC method (1980).
2. Astaxanthin Content
A modification of the method of Kelly and Harmon 
(1972) was adapted to extract astaxanthin from the crawfish 
meal and shell (Fig. 3). To 5 g of dried sample or 10 g of 
wet sample was added 50 mL of 50% acetone, shaken with a 
Junior Orbit shaker (Lab-Line Instruments, Melrose Park, 
IL) for 15 min at 100 rpm, and vacuum-filtered through a 
Buchner funnel using Whatman No. 1 filter paper. The 
colorless filtrate was discarded and the residue blended 
for 5 min with 50 mL of 1:1 (v/v) 2-propanol:chloroform and 
10 g of anhydrous sodium sulfate. After vacuum-filtration 
through a medium porosity fritted glass funnel laid with 1 
cm of anhydrous sodium sulfate, the residue was re­
extracted one or two times as needed until the residue was 
colorless. The filtrate was combined and evaporated at 30°C 
to near dryness in a rotary evaporator (Buchi Rotavapor R, 
Brinkmann Instruments Co., Westbury, NY). The residue was 
then dissolved in a known volume of petroleum ether for 
quantitative spectrophotometric determination of 
astaxanthin using a Gilford RESPONSE UV-VIS 
Spectrophotometer (Gilford Instrument Laboratories Inc., 
Oberlin, OH). The maximum absorbance of astaxanthin was 467 
nm in petroleum ether. The amount of total astaxanthin was 
calculated by the formula of Kelly and Harmon (1972).
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Filtrate
Crawfish waste
<-------50% acetone
Shaking at 100 rpm for 15 min
Filtration
Residue
 >  4-- 1 : 1 (v/v) 2-propanol: 
chloroform & anhydrous 
sodium sulfate
Blending for 5 min
Filtration
Residue Filtrate
1:1 (v/v)  » Rinsing
2-propanol: 
chloroform
Filtrate
Rotary evaporation at 30°c
Petroleum ether ---- > Dilution
Spectrophotometer 
(467 nm)
Fig. 3. Flow chart of astaxanthin extraction from crawfish 
waste.
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1%
g astaxanthin/g crawfish waste = AD/ (100 G d E 1(!in )
where A = absorbance at maximum wavelength (467 nm in 
petroleum ether)
D = dilution volume (mL)
G = crawfish waste (g) 
d = cell width (1 cm)
1%
Elcm = 2400 petroleum ether
3. Total Amino Acids
Samples of 0.1 g were introduced into hydrolysis tubes 
to which was added 4 mL of 6N HCl, sealed, and placed in an 
oven at 110°C for 24 hr. After hydrolysis, each sample was 
filtered (Whatman No. 40 filter paper) into a 250 mL round 
bottom flask. The hydrolysis tube and filter paper were 
rinsed with 40 mL of acidulated water (20 mL HC1/L). The 
sample was evaporated to near dryness using a rotary 
evaporator (Buchi Rotavapor R, Brinkmann Instruments Co., 
Westbury, NY) at 45°C.
The residue was made up to 25 mL with pH 2.2 sodium 
citrate buffer, and filtered through a cellulose acetate 
filter (Millipore, Type GS, 0.22 pm). A 0.2 mL aliquot was 
used for analysis on a Beckman Model 116 Amino Acid 
Analyzer (Beckman Instruments, Inc., Palo Alto, CA). 
Operating variables and conditions for the runs are shown 
in Table 2.
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Table 2. Operating variables and conditions for the amino 
acid analysis
Operating variables Conditions
Resin W-l
Resin bed height and diameter (cm) 57 X 0.9
Buffer flow rate (mL/hr) 70
Ninhydrin flow rate (mL/hr) 35
Column pressure (psi) 300
Buffers Sodium citrate
First buffer (A) pH 3.49 (0.2N)
Second buffer (B) pH 4.10 (0.4N)
Third buffer (C) pH 6.40 (1.ON)
Buffer change time (min) 40, 70
Column temperature (°C) 53°
Standard Calibration 
mixture, Type 1, 
Beckman No. 312220
Total run time (min/sample) 235
4. Viscosity
Viscosities of chitin and chitosan samples were 
determined with a Brookfield digital viscometer, Model LVTD 
(Brookfield Engineering Laboratories, Inc., Stoughton, MA). 
For this, 500 mL of chitin and chitosan solution were 
prepared in N,N-dimethylacetamide (DMAc) containing 5% 
lithium chloride (LiCl) and 2% acetic acid, respectively, 
at 10 g/L concentration on a moisture-free and ash-free 
basis. Measurements were made using spindle No. 1 at three 
different speeds (12, 30, and 60 rpm) on solutions at 20°C 
with average values reported in centipoise units. All 
chitosan solutions were retained for use in subsequent 
coagulant efficiency evaluations.
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5. Degree of Deacetylation
The degree of deacetylation was established using a 
distillation method based on determination of acetylated 
residues by Lemieux and Purves (1947).
6 . Solubility
The percent of soluble material of a chitin sample was 
determined in N,N-dimethy1acetamide (DMAc) containing 5% 
lithium chloride (LiCl) following the procedures described 
by Rutherford and Austin (1978).
7. Molecular Weight
Intrinsic viscosity measurements give an indirect 
determination of molecular weight. The intrinsic viscosity 
of chitin polymer was determined in DMAc-5% LiCl solution 
using a Cannon-Fenske viscometer (Rutherford and Austin, 
1978). The corresponding molecular weight was calculated by 
a modified Staudinger equation:
[i\] « KMv0l
where [r\] *= intrinsic viscosity 
K ■ 8.93 x 10” 4
Mvol  = Mw “ average molecular weight 
a = 0.71
F. Statistical Analysis
The data were analyzed by the analysis of variance. 
Means of the main effects were separated by Duncan's 
Multiple Range test and the interactive effects by Least 
Significant Difference.
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II: APPLICATION OF CRAWFISH CHITOSAN AS A COAGULANT IN
RECOVERY OF ORGANIC COMPOUNDS FROM SEAFOOD PROCESSING
WATER
A. Collection of Crawfish Waste
Heat-processed crawfish waste, comprising the intact 
cephalothorax, abdominal exoskeleton, and viscera, was 
collected from Seafood, Inc. (Henderson, LA), after 
parboiling and removal of the edible tailmeat. This 
comprised predominately Procambarus clarkil. however it is 
possible that small amounts (<5%) of Procambarus acutus 
acutus were present. The waste was placed in double black 
polyethylene bags, iced for 1 hr during transport, and 
stored at -20°C.
B. Sources of Coagulants
Two commercial chitosans (from crab shells, practical 
grade), designated as Chitosan-S and Chitosan-B, were 
obtained from Sigma Chemical Co. (St. Louis, MO) and 
Bioshell Inc. (Albany, OR), respectively.
Five synthetic polymers were obtained from the 
following sources: anionic Betz 1410, anionic Betz 1420, 
and cationic Betz DG-979 (Betz Laboratories, Trevose, PA); 
cationic Magnifloc 2535CH and cationic Magnifloc 2540C 
(American Cyanamid Co., Wayne, NJ).
Inorganic salts used were: ferric chloride
(FeCl3 .6H20 , Fisher Scientific); ferric sulfate 
[Fe2 (S04)3 ,xH20, EM Science]; calcium chloride (CaCl2, EM
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Science); aluminium sulfate [AI2 (S04)3 .I8H2O, J.T. Baker 
Chemical Co.].
Crawfish chitosans used in this experiment were 
prepared as described in the previous section.
C. Preparation of Coagulant Solutions
Crawfish and commercial chitosan solutions were 
prepared by dissolving 10 g/L in 2% acetic acid. The 
previously mentioned five synthetic polymers and four 
inorganic salts were dissolved in deionized water at 
concentrations of 0.5, 1, and 10 g/L.
D. Preparation of Crawfish Wastewater
During the period of this experiment, wastewater from 
the crawfish pigment extraction process was not available 
from Acadiana Processors, Inc. (Henderson, LA). Therefore, 
wastewater for these studies was prepared in the Food 
Science Department following general procedures (Fig. 4) 
used in the crawfish pigment extraction process (Chen and 
Meyers, 1982a).
One hundred pounds of frozen intact waste was thawed 
at room temperature for 30 min and comminuted through a 
Comminuting Machine (Model D, The W.J. Fitzpatrick Co., 
Chicago) with a #5 sieve. The comminuted waste was mixed 
with 10 lb of soybean oil and 40 lb of water for 
astaxanthin extraction. The water/oil/comminuted crawfish 
blend was heated for 30 min at 90°C in a steam-jacked
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Whole crawfish waste
Grinding
Adding H5O (40% based on waste) 
& soy oil (10% based on waste)
Heating & agitating at 90°C for 30 min
Cooling
Centrifuging
Crawfish cake Supernatant
Separation
Astaxanthin
oil
Liquid
water
Fig. 4. Overall process for preparation of wastewater from 
crawfish waste (Chen and Meyers, 1982a).
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kettle with continuous stirring. After cooling, the 
material was centrifuged in a pilot-scale basket centrifuge 
to separate the ground crawfish solids from water and 
pigmented oil. The water was separated from the pigmented 
oil using a cream separator (Mach No. CR 342, Bird Machine 
Co., South Walpoll, MA). The final wastewater samples were 
placed in 1 gal containers and stored at -20°C. Prior to 
use, the material was thawed with hot water and the 
wastewater allowed to reach room temperature.
E. Laboratory Jar Tests
The conventional jar test (Culp and Culp, 1971) was 
used to approximate optimal conditions of pH, concentration 
of chitosan, and settling time. Wastewater samples (100 mL) 
and appropriate concentrations of chitosan were mixed with 
a Thermolyne stirrer (Sybron Co.) for 2 min at 100 rpm 
followed by 3 min at 30 rpm. The treated samples were 
allowed to settle for 1 hr, following which the supernatant 
liquids were withdrawn via a pipette. Turbidity was 
measured as nephelometric turbidity units (NTU) with a 
Sargent-Welch S-83700 Turbidimeter. In experiments to 
determine optimum pH, the pH of the wastewater was adjusted 
with either 6N and 0.1N HC1 or 6N and 0.1N NaOH to achieve 
pH levels of 4, 5, 6, 7, or 8 . After establishment of 
optimal conditions for pH and chitosan concentration, these 
data were applied to other studies: (1) comparison of
crawfish chitosan with conventionally used natural and
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synthetic polymers; (2) comparison of four different 
inorganic salts as coagulants; (3) combination of crawfish 
chitosan with a multivalent inorganic salt; and (4) optimum 
settling time. In combination studies, chitosan and an 
inorganic salt were added sequentially to wastewater.
F. Recovery of Coagulated Solids
Optimal conditions of pH and chitosan concentration, 
indicated by the results of the laboratory jar tests, were 
applied to a 1 liter sample of wastewater to recover 
sufficient coagulated solids. The coagulated solids were 
recovered by centrifugation at 1 0 ,0 0 0 rpm for 10 min, dried 
in a forced-air oven for 16 hr at 103°C, and subjected to 
proximate and amino acid analyses to evaluate their 
potential value as an animal feed supplement.
After centrifugation, the supernatant was collected, 
filtered using a cellulose acetate filter (Millipore, Type 
GS, 0.22 urn), and analyzed for amino acids to determine its 
value as flavor concentrates.
G. Analytical Methods
1. Wastewater Analysis
The characteristics of raw crawfish wastewater samples 
were determined in triplicate by Standard Methods (APHA, 
1985) for the following: total, dissolved, suspended,
fixed, and volatile solids; pH; chemical oxygen demand 
(COD); turbidity.
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Values reported for turbidity, suspended solids, and 
COD in laboratory jar tests are averages of duplicate 
determinations.
2. Chemical Composition
Crude protein of dry coagulated solids, calculated as
N x 6.25, was determined in duplicate by a semiautomated
method (AOAC, 1980). Moisture, ash, and fat were determined 
in duplicate by Standard Methods (AOAC, 1980), after which 
the defatted samples were used for amino acid analysis.
3. Amino Acids
(a) Total Amino Acids - Samples of 0.1 g or 2 mL 
(supernatant) were introduced into hydrolysis tubes and 
treated following procedures described in earlier section.
(b) Free Amino Acids - 2 mL of sample (supernatant)
was transferred to a round bottom flask and evaporated to
near dryness using a rotary evaporator (Buchi Rotavapor R, 
Brinkmann Instruments Co., Westbury, NY) at 45°C.
The residue was taken up in 25 mL sodium citrate 
buffer (pH 2.2), and filtered through a cellulose acetate 
filter (Millipore, Type GS, 0.22 pm). A 0.2 mL aliquot was 
used for analysis on a Beckman Model 116 Amino Acid 
Analyzer (Beckman Instruments, Inc., Palo Alto, CA).
G. Statistical Analysis
The data were analyzed by the analysis of variance. 
Means of the main effects were separated by Duncan's
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Multiple Range test and the interactive effects by Least 
Significant Difference.
Ill: RECOVERY OF AMINO ACIDS FROM SEAFOOD PROCESSING 
WASTEWATER BY CHITOSAN-BASED LIGAND-EXCHANGE 
CHROMATOGRAPHY
A. Sample Preparation
The supernatant separated from the coagulated solids 
by centrifugation after treatment of crawfish wastewater 
with 150 mg/L chitosan as described in the previous section 
was used as sample. Prior to use, it was filtered through a 
cellulose acetate filter (Millipore, Type GS, 0.22 urn) and 
stored at -20°C until used.
B. Standard Amino Acid Mixture
A standard amino acid mixture prepared from each 
component (Purity 99+%, Sigma Chemical Co., St. Louis, MO) 
contained the following amino acids.
Standard amino acid mixture contents
L-Aspartic acid L-Threonine L-Serine
L-Proline L-Glutamic acid Glycine
L-Alanine L-Valine L-Half-cystine
L-Methionine L-Isoleucine L-Leucine
L-Tyrosine L-Phenylalanine L-Lysine
L-Histidine L-Arginine
Each amino acid was present in the mixture at a 
concentration of 2.50 pM/L. The solution contained 1 mL of
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reagent grade conc. HC1 per 100 mL. Prior to use, 1.0 mL of 
the standard mixture was diluted with 4.0 mL of pH 2.2 
buffer, wherein 2.0 mL aliquots contained 1.0 joM of each 
amino acid.
C. Sources of Chitosans
Commercial chitosan (from crab shells, practical 
grade) was obtained from Sigma Chemical Co. (St. Louis, 
MO). Crawfish chitosan used in this experiment was prepared 
from crawfish chitin by boiling with 50% NaOH for 30 min in 
air atmosphere.
D. Preparation of Chitosan Powder
Crawfish and commercial chitosan samples were ground 
separately in a ball mill (U.S. Stoneware Co., Akron, OH) 
for 48 hr and sifted with 80 mesh sieve for use as chitosan 
column materials.
E. Phosphate Buffer Solution
Buffers were prepared with potassium dihydrogen 
phosphate (0.05M) and disodium hydrogen phosphate (0.05M) 
to obtain desired pH values (pH 8 , 9, 10, or 11).
F. Preparation of Copper-Chitosan
Copper-chitosan was prepared as described by 
Muzzarelli et al. (1978c). Chitosan powder (2 g, >80 mesh 
size) was stirred at room temperature for 1 hr with a
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solution of copper sulfate pentahydrate (2 g in 40 mL of 
deionized water). The resulting deep blue copper-chitosan 
complex was then filtered off and washed thoroughly with 
deionized water until no copper was detected in the wash 
water when tested with sodium diethyldithiocarbamate 
(DDTC).
G. Preparation of Amino Copper-chitosan
The copper-chitosan was stirred in 3M NH4OH solution 
for 30 min and the resulting violet amino copper-chitosan 
was washed as above.
H. Chromatography on Copper- and Amino copper-chitosan
1. Parameters Studied
Several parameters were examined to establish optimal 
procedures of the copper or amino copper-loaded chitosan 
column for recovery of amino acids from the standard amino 
acid mixture. These were as follows:
(1) Determination of washing solution and volume
(2) Determination of eluent and elution volume
(3) Influence of different pH values
(4) Optimum amount of column material
(5) Flow rate
(6) Temperature
(7) Comparison of chitosan, copper-chitosan, and amino 
copper-chitosan as column materials
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Recovery efficiencies of amino acids between crawfish 
chitosan and commercial chitosan also were compared.
In the initial studies to establish optimal 
conditions, the pH of sample and column was adjusted to 8.2 
(the original pH of crawfish wastewater) except for tests 
selecting optimum pH.
Since there are noteworthy compositional differences 
in crawfish wastewater, the practicality and reliability of 
the procedure for the quantitative removal of all amino 
acids from solution had to be established by using samples 
of pure amino acids. The predetermined optimal conditions 
with a standard amino acid solution were applied to 
crawfish wastewater sample.
2. Procedure
The copper-chitosan or amino copper-chitosan was 
stirred for 30 min in 0.05M phosphate buffer solution and 
adjusted to the desired pH (pH 8 , 9, 10, or 11) before 
being packed in a column.
A glass column (30 x 1.1 cm) was packed with the 
copper- or amino copper-chitosan and further washed with a 
small amount of phosphate buffer. Prior to sample 
application, some effluent was collected for use as a blank 
by passing phosphate buffer through the column; absence of 
copper was verified by adding DDTC to an aliquot of each 
blank.
A solution (2 mL) of the diluted amino acid mixture, 
corresponding to 1 pM of each amino acid, was added to
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deionized water or phosphate buffer and adjusted to the 
desired pH with 6N or 0.1N NaOH and 0.05M KH2P04 or Na2HP04 
to a total volume of 50 mL or less. The solution was 
allowed to pass through the column at a flow rate of about
0.6, 2.5, or 3.5 mL/min. The flow rate was controlled by 
adjusting vacuum pressure. Afterwards, the column was 
washed with either deionized water or phosphate buffer and 
then eluted with either ammonia or phosphate buffer 
solution to remove the attached amino acids from the 
complex. Where specified, copper ions were removed from the 
ligand eluate via passage through a second chitosan column 
(30 x 1 cm) equilibrated with phosphate buffer at the same 
pH as the column.
With the crawfish wastewater sample, 1 mL of the 
sample was allowed to pass through a amino copper-chitosan 
column.
X. Determination of Free Amino Acids
Free amino acids in the wash water and eluate were 
determined following the procedure described in an earlier 
section. The collected solution was dried on a rotary 
evaporator, amino acids taken up in 15 mL of 0.2N citrate 
buffer (pH 2.2), and the excess removed by rotary 
evaporation. The residue was then dissolved in 2 mL of 
citrate buffer (pH 2.2) and amino acids quantitatively 
determined by a Beckman Model 116 Amino Acid Analyzer 
(Beckman Instruments, Inc., Palo Alto, CA).
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RESULTS AND DISCUSSION
The following experimental results are separated into 
appropriate sections which correspond to those given in the 
MATERIALS AND METHODS.
I: PREPARATION OF CHITIN AND CHITOSAN FROM CRAWFISH WASTE
A. Chemical and Amino Acid Composition of Crawfish Whole 
Meal and Shell
1. Chemical Composition
Chemical composition of crawfish whole meal and 
mechanically separated shell for use as potential sources 
of chitin are shown in Table 3. Crawfish meal comprises a 
composite dried waste of cephalothorax, abdominal 
exoskeleton, and viscera. Considerable product variability 
occurs depending on the processing method used, the 
particular geographic area of the resource and species of 
crawfish involved.
Table 3 demonstrates that both crawfish whole meal and 
shell are excellent chitin sources, representing 15.94% and 
23.49% of the dry weight, respectively. The average 
uncorrected crude protein content of the meal was twice 
that of the shell, i.e., 35.81% to 17.13%. Compared with 
whole meal, the shell contains a higher content of chitin 
and less potentially interfering colloidal compounds, such 
as protein. Furthermore, since this shell portion is 
obtained as a by-product of a pigment extraction process,
59
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Table 3. Chemical composition of crawfish whole meal and 
shell1
Composition Whole meal Shell
Crude protein(%) 35.81 17.13
Fat(%) 9.89 0.57
Fiber(%) 16.47 23.60
Chitin(%) 15.94 23.49
Ash(%) 38.06 63.58
Minerals
Ca(%) 12.31 24.80
P(%) 0.79 0.98
K(%) 1 .0 1 0 .1 1
Mg(%) 0 .22 0.31
Mn(ppm) 545 200
Fe(ppm) 1611 180
Astaxanthin (ppm) 78 108
1 Average of three determinations.
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prospects of using it as a source of chitin appear 
promising.
Rough "rule of thumb" estimates of chitin present can
m
be determined by examination of the fiber content of the 
meal or shell as seen in Table 3. Lovell et al. (1968) also 
found close agreement between chitin content of crawfish 
meal and crude fiber value and concluded that the latter 
provides a good index of the relative chitin content of the 
meal.
Crustacean shell generally contains 30-50% mineral 
matter (mostly calcium carbonate) on a dry basis, depending 
on species and other factors (Johnson and Peniston, 1982). 
Percentage calcium in both crawfish meal and shell was 
12.31% and 24.80%, respectively. If calcium is assumed to 
be primarily in the form of calcium carbonate, this would 
represent roughly 31% of the total meal and 62% of the 
shell, which is indeed high. Lovell et al. (1968) noted 
that ash determination is not a true estimate of total 
mineral in crustacean samples. His work indicated that 
approximately 1 0.8% of the calcium carbonate was pyrolyzed 
at 550°C, concluding that ash value is not correlated with 
the actual mineral value of the sample.
Previous studies in the Department of Food Science 
have demonstrated the presence of significant levels of the 
carotenoid astaxanthin pigment in heat-processed crawfish 
waste (Meyers and Bligh, 1981; Chen and Meyers, 1982a,b). 
Crawfish shell contained a relatively high concentration,
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108 ppm, of astaxanthin compared with the amount of pigment 
(78 ppm) present in crawfish meal. The carotenoid profile 
of crawfish exoskeleton waste consists of astaxanthin ester 
49.4%, astaxanthin 40.3%, and astacene 10.3% (Meyers and 
Bligh, 1981). Chen and Meyers (1982a,b) have all shown that 
crawfish waste is a noteworthy source of naturally- 
occurring astaxanthin, with realistic commercial 
possibilities for its incorporation into aquatic dietary 
formulations.
2. Amino Acid Composition
Table 4 shows the amino acid profiles of crawfish 
whole meal and shell. From these results, it is apparent 
that the amino acid compositions of crawfish meal and shell 
vary considerably both in total levels and in the relative 
abundances of the specific amino acids. The major amino 
acids in both crawfish meal and shell were tyrosine (65.76 
mg/g and 28.43 mg/g), glutamic acid (40.31 mg/g and 5.16 
rog/g), and aspartic acid (29.51 mg/g and 4.28 mg/g), 
respectively. The chemical and amino acid data indicate 
that crawfish meal has potential nutritional value as an 
animal feed supplement, whereas the shell may serve as an 
excellent chitin source.
Considerable attention has been given to more accurate 
analyses of protein levels in crawfish shell to correct the 
extant crude protein fraction for the non-protein nitrogen 
contributed by the chitin present. In usual Kjeldahl 
determinations, nitrogen values obtained include both
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Table 4. Total amino acid composition of crawfish whole 
meal and shell1
Composition
Content (mg/g)
Whole meal Shell
Aspartic acid 29.51 4.28
Threonine 13.28 2.07
Serine 10.77 2.40
Proline 14.01 3.76
Glutamic acid 40.31 5.16
Glycine 12.52 4.06
Alanine 11.04 2.62
Valine 12.47 2.07
Cystine . 2 0.18
Methionine 1.99 0.28
Isoleucine 10.69 1.40
Leucine 17.27 2.50
Tyrosine 65.76 28.43
Phenylalanine 12.40 2.35
Lysine 13.63 2.19
Histidine 6.23 0.67
Arginine 19.10 2.63
Total 290.98 67.05
1 Average of three determinations.
2 Not detectable.
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protein and chitin nitrogen. Table 5 shows crude and 
corrected protein values for crawfish shell.
Table 5. Protein and chitin nitrogen of crawfish shell
Composition Percent (%)
Total crude nitrogen (A) 2.74
Crude protein 17.13
Chitin nitrogen (B) 1.62
Chitin1 23.48
Corrected nitrogen2 1 .1 2
Corrected protein3 7.00
1 Based on 6.9% N present in chitin.
2 Corrected nitrogen = A - B.
3 Corrected protein * corrected N x 6.25.
The average uncorrected crude protein content of the 
shell was 17.13%. However, the extracted chitin contains 
59.12% of the total nitrogen of the shell leaving 40.88% of 
the total nitrogen presumably in the form of protein. 
Hence, the nonchitinous nitrogen, multiplied by 6.25, gives 
7.00% corrected crude protein.
B. Isolation of Crawfish Chitin
In establishment of optimal conditions for isolation 
of chitin, a demineralization step was first considered 
followed by deproteinization, and the established optimal
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conditions were applied to the decoloration step. For 
protein recovery, the overall process followed a sequence 
of deproteinization and demineralization.
Many workers have used a procedure of acidic 
decalcification following protein removal (Muzzarelli, 
1977) . For example, Johnson and Peniston (1982) advocated 
protein extraction prior to demineralization to take 
advantage of the stabilizing value of alkali on the raw 
shell, to maximize protein yield and quality, and to avoid 
protein contamination of the demineralization liquors.
1. Demineralization
Optimum demineralization was conducted by constant 
stirring of the dried ground crawfish shell with IN HC1 for 
30 min at room temperature with a solid to solvent ratio of 
1:15 (w/v). Following demineralization, the product was
i
collected on a 80-mesh screen, washed to neutrality in 
running tap water, rinsed with deionized water, and vacuum- 
filtered to remove excess moisture.
Results showing the effect of conditions on the ash 
content of the shell are shown in Fig. 5 and 6 . Before 
decalcification, the ash content of the shell was 63.58% 
(Table 3). Fig. 5 shows the effect of acid concentration on 
the ash content at a solid to solvent ratio of 1 :1 0 (w/v). 
Shell ash contents, decalcified with 0.5N and IN HC1, 
diminished to 49.52% and 16.89% in 1 hr, respectively. 
Increased demineralization for as long as 6 hr did not 
result in a significant decrease in the ash contents.
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Fig. 5. Effect of acid concentrations and extraction times 
on reduction of ash content in crawfish shell at 
room temperature with a solid to solvent ratio of 
1 :10 (w/v).
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Fig. 6 . Effect of solid to solvent (IN HCI) ratios and 
extraction times on reduction of ash content in 
crawfish shell at room temperature.
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From Fig. 6, it is apparent that the solid to solvent 
ratio is an important factor affecting the ash content. The 
demineralization of the shell with IN HCI, at a solid to 
solvent ratio of 1:15 or 1:20 (w/v), was effective in
decreasing the ash content compared to a 1 :1 0 (w/v) solid 
to solvent ratio. Decalcification for 30 min with the 
former two ratios resulted in 99% decrease in the original 
ash content, i.e., 63.58% to 0.35%.
2 . Deproteinization
Optimal conditions established for deproteinization 
involved treatment of the decalcified shell with 3.5% (w/w) 
NaOH solution for 2 hr at 65°C with constant stirring, and 
a solid tc solvent ratio of 1:10 (w/v). After
deproteinization, the reaction mixture was vacuum-filtered 
(Whatman #4 filter paper). The residue was then transferred 
to a 80-mesh screen and washed to neutrality in running tap 
water for 30 min or more. The deproteinized shell was 
rinsed again several times with deionized water and vacuum- 
filtered to remove excess moisture.
Effects of alkali concentration and extraction time on 
nitrogen content are shown in Fig. 7. These studies were 
carried out at 65°c with a solid to solvent ratio of 1:10 
(w/v). As shown, nitrogen levels of the deproteinized shell 
were gradually decreased with an increase in alkali 
concentration and extraction time. With 3.5% NaOH and 2 hr 
extraction time, nitrogen content diminished to 6 .86%, 
which approximates the theoretical value of 6.9% for pure
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chitin. Further deproteinization time did not result in 
significant changes in nitrogen content.
3. Decoloration
The chitin residue obtained was decolorized by 
extracting with acetone, drying for 2 hr, followed by 
bleaching with 0.315% (v/v) sodium hypochlorite solution
(containing 5.25% available chlorine) for 5 min with a 
solid to solvent ratio of 1 :1 0 (w/v) based on dry shell. 
The chitin was washed and then dried at 60°C in a forced- 
air oven for 4 hr, yielding a white colored product. 
Without prior acetone extraction, bleaching for more than l 
hr was required to obtain a necessary white-colored chitin.
The concentration of astaxanthin pigment in the 
extracted acetone was determined by evaporation and 
dilution with petroleum ether. The recovered astaxanthin 
content was 26 ppm. Absorption curve with maximum 
wavelength is shown in Appendix Fig. 2.
During demineralization and deproteinization, dilute 
HCI and dilute NaOH solutions did not release the 
carotenoids, leaving pigment firmly associated with the 
chitin residue. This binding of carotenoids with chitin 
supports Fox (1973) who found one 4-keto and three 4,4'- 
diketo-beta-carotene derivatives firmly bonded to the 
exoskeletal chitin of red kelp crab.
Several workers have used reagents to eliminate 
pigments present in the crustacean exoskeleton, usually 
crab: these include cold sodium hypochlorite solution
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(Blumberg et al., 1951), absolute acetone (Kamasastri and 
Prabhu, 1961), 3% hydrogen peroxide (Brine and Austin,
1981), and ethyl acetate (Brzeski, 1982). However, with 
crawfish shell it was determined that the above reagents 
alone were not as effective as the procedure developed in 
the current study. The processing schematic for production 
of crawfish chitin from crawfish shell is given in Fig. 8 .
4. Particle Sizes and Raw Materials
The effects of particle sizes of the crawfish shell on 
composition of subsequent chitin preparations were 
investigated to compare extraction efficiency. Chitin 
prepared from crawfish whole meal as a starting material 
was also compared with that prepared from crawfish shell. 
Crawfish whole meal was ground to pass through a 2 mm 
screen in a Wiley mill prior to extraction of protein and 
mineral components. The compositions of nitrogen, fat, and 
ash in the resulting chitin products are given in Table 6 .
Chitins, prepared from three different mesh sizes of 
crawfish shell, did not show significant differences (P>
0.05) in nitrogen and ash compositions. In comparison of 
chitin prepared from crawfish shell with that from whole 
meal, no significant differences (P>0.05) were observed in 
nitrogen levels, but highly significant differences 
(P<0.01) were observed in ash contents (Appendix Table 6).
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Table 6 . Comparison of analytical data for chitins prepared 
from three different particle sizes of crawfish shell and 
from crawfish whole meal
Source
Particle
Size
(mesh)
Percent (%)
Nl N2 Fat Ash Yield
>35 6.98a3 7.00a ND4 0.16a _5
Shell 20-35 7.00a 7.01a ND 0 .10a 25.35
10 -20 7.00a 7.01a ND 0 .10a 28.59
Whole Meal 6.94a 6.99a ND 0.69b 17.63
1 Calculated on moisture-free basis.
2 Calculated on moisture-free and ash-free basis.
3 Means with the same letter in the columns are not 
significantly different at the 5% level.
4 ND * Not detectable.
5 Not determined.
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Yield of chitin from crawfish shell was higher than that 
from crawfish whole meal since the former contains a higher 
content of chitin than the latter, i.e., 23.49% and 15.94%, 
respectively (Table 3). Yield of chitin from larger than 35 
mesh size of crawfish shell was not determined because loss 
of fine particles was observed during washing on a 80-mesh 
screen.
C. Characterization of Crawfish Chitin
To characterize the quality of the chitin product, 
determinations of nitrogen, fat, ash, acetyl content, 
percent solubility, viscosity, molecular weight, and 
residual amino acids were conducted with results shown in 
Table 7.
1. Nitrogen Content
A value for nitrogen higher than the theoretical 6.9 
is an indication of either deacetylation or the presence of 
protein not removed during isolation of the chitin. In 
contrast, a lower value indicates hydrolytic deamination or 
contamination in the product (Rutherford and Austin, 1978).
It was determined that crawfish chitin contained 7.01% 
nitrogen on a moisture-free and ash-free basis. The average 
percent nitrogen (7.01%) was slightly higher than the 
theoretical value of 6.9% for pure chitin. This is 
presumably due to the presence of protein residues in the 
crawfish chitin.
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Table 7. Characterization of crawfish chitin
Specification Description
Nitrogen1 (%) 7.01
Fat (%) ND2
Ash (%) 0 .1 0
Acetyl (%) 19.633
Deacetylation (%) 7.36
Solubility4 (%) 26.35
Viscosity5 (cps) 112
Molecular weight (dalton) 5.14 X 106
Color white
Yield (%) 25.35
Residual amino acids (mg/g) 6.73
1 Calculated on moisture-free and ash-free basis.
2 ND *= Not detectable.
3 Theoretical value = 21.19%.
4 N,N-Dimethylacetamide containing 5% LiCl (DMAc-5% LiCl).
5 1% solution on moisture- and ash-free basis in DMAc-5%
LiCl.
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Numerous workers (Attwood and Zola, 1967; Austin et
al., 1981; Brine, 1982; Brine and Austin, 1981; Foster and
Hackman, 1957; Hackman, 1960; Hackman, 1972; Herzog et al., 
1975; Karlson et al., 1969) have reported that protein is 
bound by covalent bonds to chitin, thus forming stable 
complexes. Thus, it is impossible to prepare pure chitin 
samples without residual protein present.
2. Ash and Fat content
The ash content of chitin provides an indication of 
the effectiveness of the method used for removal of
carbonate. While the ash level was 0.1%, the presence of
fat was not detectable.
Commercial crab chitin, obtained from Sigma Chemical 
Company (St. Louis, MO), was determined to contain 6.22% 
nitrogen and 2 .12% ash, with negligible fat content.
3. Acetvl Value
The acetyl group provides the site for the interchain 
hydrogen bonding that imparts strength to chitin products 
(Rutherford and Austin, 1978). The acetyl value (19.63%) 
(Table 6) indicates that the chitin has been deacetylated 
to 7.36%, based on the theoretical value for chitin of 
21.19%.
The ratio of one deacetylated monomer for every five 
or six acetylated monomers is common with chitin 
(Muzzarelli, 1973). Hackman and Goldberg (1965) postulated 
that this is a natural occurrence and is correlated with 
the site of protein bonding. The specific features of this
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ratio are difficult to confirm due to deacetylation that 
occurs during isolation. Chitin isolated from crayfish 
without acids or alkali yielded an acetyl value of 21.9 
(Einbrodt and Stober, 1960). This refutes the possibility 
of a natural one-to-six ratio (acetyl 18.3%), but it 
supports the supposition that even dilute alkali may cause 
deacetylation. From the degree of deacetylation observed 
in the crawfish chitin, it appears that even 3.5% alkali 
may effectively deacetylate the chitin.
4. Solubility and Viscosity
Crawfish chitin showed lower solubility (26.35%) in 
DMAc-5% LiCl compared with other chitins. Those from 
Limulus. blue crab, red crab, pink shrimp, and brown shrimp 
had high solubilities ranging from 58% to 92% (Rutherford 
and Austin, 1978). On the other hand, the solubility (30%) 
of Dungeness-crab chitin was comparable to that of crawfish 
chitin. Rutherford and Austin (1978) noted that the low 
solubility of Dungeness-crab chitin was due to formation of 
swollen gel particles, which were removed by filtration. 
This phenomenon also has been observed in this study with 
crawfish chitin.
Viscosity of crawfish chitin in DMAc-5% LiCl at 20°C, 
determined with a Brookfield digital viscometer (Model 
LVTD), was 112 cps.
5. Molecular Weight
Molecular weight of chitin was evaluated using a 
modified Staudinger equation. Since viscometric constants
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for chitin were not available, those for chitosan, 
determined by Lee (1974), were used. This is the method 
proposed by Rutherford and Austin (1978). As noted in Table 
7, the molecular weight was 5.14 x 106.
Rutherford and Austin (1978) evaluated molecular 
weights of chitins from Limulus polvphenmus and five 
Decapoda species, using Lee's viscometric constants for 
chitosan. The values they obtained varied from 0.8 to 1.8 x 
106. These workers isolated chitins by harsher treatment 
than that used here for crawfish chitin. This suggests that 
molecular weight of chitin obtained depends on the severity 
of the isolation treatment as well as on the particular 
invertebrate species utilized.
6 . Yield
When the yield of crawfish chitin was calculated based 
upon initial dried crawfish shell, a value of 25.35% was 
obtained. This also reflects the presence of protein 
residue in the crawfish chitin since the chemical 
composition (Table 3) of crawfish shell gave a value of 
23.49% chitin.
7. Residual Amino Acids
The amino acid composition (Table 8) was determined to 
identify and quantify residual amino acids in crawfish 
chitin compared with that of crawfish shell. Data indicate 
that chitin isolates contain significant amounts of 
covalently bound amino acids (6.73 mg/g). Such amino acid 
residues most likely contribute to chitin properties if
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
79
Table 8 . Total amino acid composition of crawfish shell and 
chitin1
Composition
Content (mg/g)
Shell2 Chitin
Aspartic acid 4.28 0.22
Threonine 2.07 0.07
Serine 2.40 0.04
Proline 3.76 0.15
Glutamic acid 5.16 0.14
Glycine 4.06 0.33
Alanine 2.62 0.09
Valine 2.07 0 .1 1
Cystine 0.18 _3
Methionine 0.28 -
Isoleucine 1.40 0.06
Leucine 2.50 0 .1 1
Tyrosine 28.43 4.73
Phenylalanine 2.35 0.32
Lysine 2.19 0.29
Histidine 0.67 0.03
Arginine 2.63 0.04
Total 67.05 6.73
1 Average of three determinations.
2 From Table 2.
3 Not detectable.
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present in relatively high proportions (Brine and Austin, 
1981). The most predominant amino acid in the crawfish 
chitin was tyrosine (4.73 mg/g), which may be involved in 
the chitin-protein linkage of the mucopolysaccharides. When 
the total amino acid content of the shell was compared with 
that of chitin, approximately 90% of the total amino acids 
in the former had been removed by mild alkaline treatment.
There are sporadic reports of amino acid or protein 
residues in chitin preparations. For example, Hackman 
(1960) reported that aspartyl and histidyl amino acid 
residues remained attached to chitin from insects, 
Crustacea (crab and crayfish), cuttlefish, and squid after 
hot alkali treatment. Karlson et al. (1969) found that the 
horsehoe crab (Limulus Polyphemus) shell complex was 
relatively rich in glycine and alanine even after mild 
alkali treatment. More recent findings by Brine and Austin 
(1981) indicated that chitin isolates from several marine 
invertebrates all contained significant amounts of 
covalently bound amino acids (0.7-34.8 Mol%), indicating 
substantial species-related variations.
D. Protein Recovery
Proximate analyses of protein recovered from crawfish 
shell after deproteinization are given in Table 9. The 
product contained 34.06% protein with 12.80% ash. Protein 
recovery generally has not been documented by other 
investigators involved in chitin production.
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Table 9. Proximate analyses of protein recovered from 
crawfish shell after deproteinization1
Composition Percent (%)
Nitrogen 5.45
Total protein 34.06
Ash 12.80
1 On a dry weight basis (moisture content was 4.44%).
However, Johnson and Peniston (1982) believed that 
recovery of protein would reduce a considerable portion of 
the manufacturing cost for chitin and chitosan, and thus 
contribute significantly to the profitability of a 
chitin/chitosan enterprise. Furthermore, if the protein is 
not recovered, it poses a serious disposal problem to the 
chitin/chitosan plant with a concurrent increase in 
manufacturing cost.
The protein recovered from crawfish shell by alkaline 
extraction and isoelectric precipitation has an excellent 
amino acid profile with all essential amino acids present 
(Table 10).
The major amino acids present in the protein were 
tyrosine (246.42 mg/g), aspartic acid (24.56 mg/g), and 
glutamic acid (16.88 mg/g). From chemical and amino acid 
analyses, it is apparent that the recovered protein product 
has considerable potential for use as a protein source in 
various feed applications.
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Table 10. Amino acid composition of protein recovered from 
crawfish shell after deproteinization
Composition Content (mg/g protein)
Aspartic acid 24.56
Threonine 6.85
Serine 1.34
Proline 3.14
Glutamic acid 16.88
Glycine 7.12
Alanine 7.44
Valine 6.37
Methionine 1.54
Isoleucine 5.98
Leucine 11.76
Tyrosine 246.42
Phenylalanine 7.31
Lysine 3.56
Histidine 2.05
Arginine 2.44
Total 354.76
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E. Preparation of Crawfish Chitosan
During deacetylation, conditions are usually sought 
that will sufficiently deacetylate the chitin to yield a 
non-degraded chitosan product, soluble in dilute acetic 
acid in minimal time.
1. Atmospheric Condition
Atmospheric conditions, i.e., air and nitrogen 
atmospheres, were investigated as a variable in the 
production of chitosan. Comparison of chitosan products 
prepared under air and nitrogen atmospheres revealed no 
significant differences (P>0.05) in nitrogen and ash 
compositions (Fig. 9 and Table 11) (Appendix Table 7).
There were minimal differences in the viscosities of 
solutions prepared from these chitosan products. However, 
from a statistical point of view, significant differences 
(P<0.05) were observed between such products prepared under 
air and nitrogen atmospheres except for those deacetylated 
for 3 to 5 hr under both conditions (Fig. 10) (Appendix 
Table 8). Deacetylation for 0.5 to 2 hr in air yielded 
chitosans of higher viscosity than those prepared in a 
nitrogen atmosphere.
The aforementioned data contrast with that of Rigby 
(1936) who showed that free access of oxygen during 
deacetylation had a substantial degrading effect on the 
chitosan product. This was confirmed by Lusena and Rose 
(1953) and Bough et al. (1978), wherein deacetylation in an
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atmosphere of nitrogen yielded chitosans of higher
viscosity and molecular-weight distributions than in air. 
The degradative effect of air became more pronounced with 
increase in deacetylation time. Further studies are needed 
to explain these differences in viscosity values of
crawfish chitosans prepared in air and nitrogen 
atmospheres.
2. Time of Deacetylation
Data in Fig. 11 show that degree of deacetylation 
under both air and nitrogen atmospheres increased sharply 
in the first 30 min from 7.4% to 60%, then slowly increased 
to 73% in 5 hr. Viscosity decreased sharply in the first 2
hr, then slowly decreased in the next 3 to 5 hr to about 26
cps at 10 g/L in 2% acetic acid solution (Fig. 10). In 
contrast, nitrogen content gradually increased with 
increased deacetylation time (Fig. 9).
Wu and Bough (1978) studied the effect of time on 
deacetylation. They found that deacetylation proceeds 
rapidly to about 70% during the first 1 hr of alkali 
treatment in 50% NaOH solution at 100°C, but slowed 
notably, reaching 80% in 5 hr. Further alkali treatment 
after 2 hr did not affect deacetylation significantly, but 
only served to degrade the molecular chain.
3. Concentration of Alkali
Crawfish chitosans produced with 30% NaOH for up to 5 
hr, and with 40% NaOH for up to 3 hr, were not sufficiently 
deacetylated to become solubilized in dilute acetic acid.
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Decreasing alkali concentration increased the tine required 
to obtain soluble chitosans, resulting in a less viscous 
product. In contrast, chitosan produced with 50% NaOH 
dissolved satisfactorily in dilute acetic acid.
In the concentration study with 35, 40, and 50% NaOH 
of Wu and Bough (1978), rates of decrease in both viscosity 
and molecular-weight distribution decreased with increased 
alkali concentration. However, if conditions are too mild, 
the resulting product will be insoluble in weak acid. Wu 
and Bough (1978) also reported that at a concentration of 
35% NaOH at 100°C, a deacetylation time of 27 hr was 
required to produce a soluble product.
Analytical results for ash, nitrogen, deacetylation, 
and viscosity of chitosans prepared with 50% NaOH at 100°C 
for 0.5 to 5 hr deacetylation period under air and nitrogen 
atmospheres are summarized in Table 11. Ash contents ranged 
from 0.17 to 0.22% and nitrogen from 7.81 to 8.17%. 
Viscosity of the samples varied with length of 
deacetylation. The lower viscosity parallels the higher 
nitrogen content of the chitosan.
Comparable viscosity values are observed in krill and 
crab chitosans. Anderson et al. (1978) prepared krill and 
crab chitosans under identical conditions and found the 
average viscosities of 1% solutions of krill and crab 
chitosan in 5% acetic acid to be 60 and 67 cps, 
respectively. McGahren et al. (1984) reported a viscosity
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Table 11. Comparison of analytical data obtained on various 
chitosans prepared with 50% NaOH at 100°C for 0.5 to 5 hr 
under air and nitrogen atmospheres.
Sample
Percent (%)
Viscosity2
(cps)
Ash Nitrogen1 Deacetylation
0.5A3 0.17 7.81 60.0 94.5
1.0A 0.18 7.84 62.5 63.9
2.0A 0.19 7.97 64.5 36.6
3.0A 0.19 8 . 0 0 68.4 31.5
4.0A 0 . 21 8.09 70.6 28.0
5.0A u. 2 2 8.14 73.3 26.0
0.5N 0.17 7.88 60.4 77.6
1. ON 0.18 7.92 62.9 55.6
2. ON 0.19 8 . 0 1 67.5 34.6
3. ON 0.18 8 . 02 69.1 31.0
4. ON 0 . 2 1 8.09 71.9 28.4
5. ON 0 .22 8.17 73.1 26.4
1 Theoretical value = 8.7%.
2 1% solution in 2% acetic acid.
3 The first number indicates deacetylation period (hr) and 
the A or N designation denotes deacetylation condition, 
i.e. air or nitrogen atmosphere.
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of Sigma chitosan measured on 1% solution of polymer in 2% 
acetic acid to be 81.5 cps.
Filar and Wirick (1978) classified viscosity types of 
chitosan solutions into three ranges:
(1) High; 1000 cps minimum, 1% polymer in il acetic acid.
(2) Medium; 100-250 cps, 1% polymer in 1% acetic acid.
(3) Low; 25-70 cps, 2% polymer in 2% acetic acid.
These viscosity types were selected as representative 
of ranges generally useful in various applications. 
Therefore, it is apparent that the viscosity of chitosan 
solutions can be controlled by preparation methods, if 
needed.
The average yield of chitosan from crawfish chitin and 
from shell as starting materials was approximately 70.4% 
and 17.8%, respectively. Similar yield (about 70%) of 
chitosan from crab chitin was also observed by McGahren et 
al. (1984).
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II: APPLICATION OF CRAWFISH CHITOSAN AS A COAGULANT 
IN RECOVERY OF ORGANIC COMPOUNDS FROM SEAFOOD 
PROCESSING WATER
A. Characterization of Raw Crawfish Wastewater
The organically-rich effluent from the crawfish 
pigment extraction process is milky in color, with smooth 
and slightly viscous physical characteristics.
The quantity and quality of the wastewater generated 
has both environmental and economic consequences with 
respect to high concentration of organic compounds and 
ultimate cost of treatment. Various pollutant parameters 
that constitute the waste load were determined as a 
guideline for subsequent chemical treatment of the stream 
(Table 12).
1. Solids
Solids in liquid wastes generally are separated into 
total, dissolved, suspended, fixed, volatile, and 
settleable portions (APHA, 1985). According to definitions 
of APHA (1985), total solids measure the total amount of 
solids in a sample after drying in an oven at a defined 
temperature. This includes total suspended solids, i.e., 
the portion of total solids retained by a filter, and total 
dissolved solids, i.e., the portion that passes through the 
filter. Fixed solids designates the residue of total, 
suspended, or dissolved solids after ignition for a 
specified time and temperature. The weight loss on ignition 
is called volatile solids. Settleable solids is the
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Table 12. Characteristics of raw crawfish wastewater
Parameter Mean1 + SD2
Total solids (mg/L) 34813 + 122
Total dissolved solids (mg/L) 29247 + 480
Total suspended solids (mg/L) 5567 + 601
Fixed solids (mg/L) 5543 + 21
Volatile solids (mg/L) 29270 + 135
PH 8 . 2 2 + 0.03
Chemical oxygen demand (COD) (mg/L) 33000 + 218
Turbidity (NTU) 3500 + 30
1 Average of triplicate determinations.
2 SD = Standard Deviation.
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material settling out of suspension within a defined 
period.
Total suspended solids can be removed from a 
wastewater stream by screening, but this is impractical 
since either excessive filter surface or excessive pressure 
drop across the filter is required. Filter clogging and 
replacement costs are also a problem. Practically, 
suspended solids must be removed by means other than by 
screening or filtration. Coagulation, followed by settling, 
is a widely used method for removing suspended solids that 
are amenable to coagulation (Wheaton and Lawson, 1985).
Results depicted in Table 12 revealed a high level of 
solids: total solids (34,813 mg/L), total dissolved solids 
(29,247 mg/L), total suspended solids (5,567 mg/L), fixed 
solids (5,543 mg/L), and volatile solids (29,270 mg/L). 
From these analyses, it is apparent that with use of only 
mechanical means, without prior chemical treatment, it is 
quite difficult to recover organic compounds present.
2. pH
The pH is a quick and simple determination of the 
hydrogen ion concentration of the waste. Because extremes 
in pH are harmful to aquatic life when discharged into the 
environment, effluent discharge guidelines usually set an 
allowable pH range for such discharges. The 8.22 pH of 
crawfish wastewater lies between 6 and 9, which is 
considered an acceptable pH range (Wheaton and Lawson, 
1985).
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3. Chemical Oxygen Demand
Chemical oxygen demand (COD) is used as a measure of 
the oxygen equivalent of the organic matter content of a 
sample susceptible to oxidation by a strong chemical 
oxidant (APHA, 1985). Since it requires less time to test 
for COD than BOD (Biochemical Oxygen Demand) and test 
results tend to be less variable, COD tests are used where 
possible. For samples from a specific source, COD 
correlates quite well with BOD and dissolved organic solids 
(APHA, 1985; Green and Kramer, 1979; Wheaton and Lawson, 
1985). High COD value (33,000 mg/L) of crawfish wastewater 
(Table 12) correlates with the equally high concentration 
of total dissolved solids (29,247 mg/L).
4. Turbidity
Turbidity in wastewater is caused by suspended matter,
i.e., clay, silt, finely divided organic and inorganic 
matter, soluble colored organic compounds, plankton, and 
other microscopic organisms. Turbidity is an expression of 
the optical property that causes light to be scattered and 
absorbed rather than transmitted linearly through the 
sample (APHA, 1985). Many researchers (Bough, 1975a; Karim 
and Sistrunk, 1985) have used turbidity measurements to 
measure changes in total suspended solids (TSS) and 
chemical oxygen demand (COD) present in wastewater due to a 
high correlation between TSS, turbidity, and COD. The 
initial turbidity value of crawfish wastewater was 3500 NTU 
(nephelometric turbidity unit).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
95
B. Comparison of Various Chitosans as Coagulants
Twelve different chitosans prepared under different 
conditions, i.e., air or nitrogen atmosphere, and 0.5 to 
5.0 hr deacetylation period, were compared to evaluate 
their ability to coagulate suspended solids in crawfish 
wastewater. Effectiveness was measured by the nephelometric 
turbidity unit (NTU) values.
Initial screening experiments to determine the optimum 
concentration of chitosan and pH indicated that reduction 
of turbidity in crawfish wastewater occurred with 150 mg/L 
chitosan at pH 6.0. Results (Fig. 12) showed that all
chitosans, at a concentration of 150 mg/L at pH 6.0, 
reduced turbidity by 80-82% from 3500 NTU to 621-705 NTU. 
The lowest turbidity value (621 NTU) was obtained with 
chitosan (0.5A), deacetylated for 0.5 hr in air atmosphere 
while the highest value (705 NTU) was obtained with 
chitosan (2N), deacetylated for 2 hr in a nitrogen
atmosphere. However, on statistical analysis, significant 
differences were not observed among the chitosans tested (P 
> 0.05) (Appendix Table 9).
An advantage of chitosan (0.5A), compared with the 
other chitosans, was that it can be prepared in a shorter 
deacetylation period without nitrogen condition. This 
chitosan also showed large floe formation and rapid
settling of suspended solids. Based on this, chitosan 0.5A
was selected for all subsequent experiments.
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C. Optimum pH and Concentration of Chitosan
Optimal conditions for coagulation of suspended solids 
in crawfish wastewater were established by laboratory jar 
tests (Culp and Culp, 1971) in which there were treatment 
variations for pH and concentration of chitosan. Results 
in Fig. 13 (Appendix Table 10) on the effect of pH on 
reduction of turbidity in crawfish wastewater showed that 
the lowest turbidity (597 NTU) was achieved at pH 6.0. At 
pH 7, turbidity was reduced to 610 NTU. Treatment with 150 
mg/L chitosan at pH 4.0, 5.0, or 8.0 resulted in turbidity 
values greater than 1000 NTU.
Changes in turbidity in response to different 
concentrations of chitosan at pH 8.2 [the original pH of 
crawfish wastewater] and at pH 6.0 [the optimum pH for 
treatment] are shown in Fig. 14. Turbidity values in the 
settled supernatants treated with 150 mg/L chitosan at pH 
8.2 and 6.0 were 2080 and 602 NTU, respectively. At pH 6 , 
chitosan treatments above 150 mg/L did not result in 
significant increases or decreases in turbidity values (P > 
0.05) (Appendix Table 11). In the control test (without 
coagulating agent), turbidity was reduced by 6% from 3500 
to 3300 NTU at pH 8.2, and by 8% from 3500 to 3210 NTU at 
pH 6.0.
These results demonstrate that the specific 
characteristics of the crawfish wastewater, when the pH was 
adjusted to the different levels, are important in
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determining the concentration of chitosan required to 
reduce turbidity.
Restabilization of the colloid suspension due to 
excessive treatment can easily occur when organic polymers 
are used in wastewater treatment (O'Melia, 1972). This 
phenomenon has been observed by several workers (Bough and 
Landes, 1976; Moore et al., 1987). Bough and Landes (1976) 
found that increasing the chitosan concentration to 90 mg/L 
(optimum concentration «= 30 mg/L) caused an increase in 
turbidity, indicating a restabilization of the coagulated 
solids. However, with increased concentration of chitosan, 
the turbidity decreased as the floe became stabilized.
In contrast, in the present investigation, increasing 
chitosan concentration to 350 mg/L at pH 6.0 (Fig. 14) did 
not show a significant increase in turbidity (P > 0.05). 
O'Melia (1972) mentioned that concentrated suspensions are 
difficult to restabilize by excessive treatment at any pH.
D. Comparison of Crawfish Chitosan with Conventionally 
Used Polymers
Crawfish chitosan was compared with two commercial 
chitosan products and five synthetic commercial 
polyelectrolytes for effectiveness of treatment at pH 6.0 
(Table 13). All were applied at 150 mg/L, which was the 
most effective crawfish chitosan concentration (Fig. 14).
Coagulation with crawfish chitosan resulted in a 
turbidity value of 593 NTU, the lowest value observed. The 
next lowest values were obtained with chitosan-S (Sigma)
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Table 13. Comparision of crawfish chitosan with various 
natural and synthetic polyelectrolytes applied at a 
concentration of 150 mg/L for reduction of turbidity in 
crawfish wastewater at pH 6.0
Coagulating agent Turbidity (NTU)
None 3210a2
Crawfish chitosan( + ) 1 593b
Chitosan-S3(+) 633bc
Chitosan-B4(+) 638°
Betz 1410(-) 2220d
Betz 1420(-) 2200d
Betz DG-979(+) 688e
Magnifloc 2535CH(+) 2950f
Magnifloc 2540C(+) 2980f
1 (+) and (-) indicate net positive charge and net negative 
charge on polymer, respectively.
2 Means with the same letter are not significantly 
different at the 5% level.
3 Commercial crab chitosan from Sigma Chemical Co.
4 Commercial crab chitosan from Bioshell Inc.
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and chitosan-B (Bioshell) which gave turbidities of 633 and 
638 NTU, respectively. Changing conditions of pH and 
concentration for the natural and synthetic polymers would 
be expected to affect their relative effectiveness. 
However, at 150 mg/L, chitosan was equivalent or superior 
to the commercial polymers (Appendix Table 12).
Chitosan from crab shell has been compared with 
various synthetic polyelectrolytes by several investigators 
(Bough, 1975a; Bough et al., 1975; Bough and Landes, 1976), 
demonstrating its superiority to synthetic 
polyelectrolytes. For example, of 24 different 
polyelectrolytes, chitosan caused the greatest reduction in 
turbidity when applied to egg breaking wastes at 
concentrations of 10, 60, and 100 mg/L (Bough, 1975a).
E. Comparison of Four Inorganic Salts as Coagulants
Results (Fig. 15) on the effect of concentrations of 
four different inorganic salts on reduction of turbidity in 
crawfish wastewater (adjusted to pH 6) showed greater 
reductions in turbidity with FeCl3 and Fe2 (S04 ) 3 than with 
CaCl2 and A12 (S04 ) 3 (Appendix Table 13). Using 1200 mg/L 
FeCl3, the turbidity value of the wastewater was reduced 
from 3500 to 637, representing a 82% reduction in the 
turbidity of the original raw wastewater.
Karim and Sistrunk (1985) also used the above four 
inorganic salts for reduction of turbidity in abrasive- 
peeled potato wastewater at pH 5. Reduction was greater
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with FeCl3 and Fe2 (S04 ) 3 than with CaCl2 and Al2 (S0 4)3. 
Comparable results were observed in the current study. 
However, in the experiments of Karim and Sistrunk (1985), 
the turbidity value (NTU) of the wastewater by treatment 
with 3 00 mg/L FeCl3 was reduced from 200 to 12, 
representing a reduction of 94% of the original raw 
wastewater. In further studies, these workers observed that 
in wastewaters adjusted to pH 7 and 9, greater reductions 
in turbidity occurred with FeCl3 than with the other three 
inorganic salts tested.
These other studies indicate that when the pH is 
adjusted to different levels, or the wastewater is less 
concentrated, greater reduction of turbidity in crawfish 
wastewater may be expected with the four inorganic salts 
noted in Fig. 15.
F. Combination of Crawfish Chitosan with FeCl3
To obtain larger floe formation and greater reduction 
in turbidity, chitosan was combined with an inorganic salt. 
The inorganic salt FeCl3 was selected because, as noted in 
Fig. 15, it gave optimal results for reduction of 
turbidity.
Results (Table 14) on the interactive effects 
(Appendix Table 14) of different concentrations of chitosan 
and FeCl3 showed that under the test conditions the lowest 
turbidity value was obtained with 200 mg/L chitosan and 
300 mg/L or 600 mg/L FeCl3. This reduced the turbidity from
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Table 14. Effect of different concentrations of chitosan 
and FeCl3 on reduction of turbidity in crawfish wastewater 
at pH 6.0
Concentration
Concentration of chitosan (mg/L)
of FeCl3 
(mg/L) 0 50
Turbidity
100
(NTU)
150
Values
200
0 3220 1113 719 593 594
300 2800 1568 900 650 575
600 1350 768 650 608 575
900 750 660 623 633 620
1200 673 660 663 683 660
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3500 to 575 NTU, representing a 84% reduction in turbidity. 
However, coagulation with 150 mg/L chitosan alone was 
almost as effective in that turbidity was reduced to 593 
NTU. However, this small magnitude of improvement probably 
would not justify the added cost of chitosan supplemented 
with FeCl3. Comparable results also have been observed on 
poultry chiller effluent by Bough et al. (1975) who 
reported that treatment with 10 mg/L chitosan alone lowered 
turbidity by 82% and a combination of inorganic salts 
(calcium hydroxide, calcium chloride, alum, ferric sulfate, 
and ferric chloride) and chitosan did not further reduce 
turbidity.
G. Optimum Settling Time
Optimal conditions of pH and concentration of chitosan 
from the laboratory jar tests were used to approximate 
optimum settling time. As shown in Table 15, coagulation 
and gravity settling for 0.5 to 3 hr gave the same 
reduction in turbidity by 83% from 3500 to 600 NTU 
(Appendix Table 15). Coagulation and gravity settling for 1 
hr reduced suspended solids by 97% from 5567 to 182 mg/L, 
and COD by 45% from 33000 to 18000 mg/L. Bough et al. 
(1975) mentioned that while suspended solids in food 
processing wastes are often reduced by 90% or more with 
coagulation followed by settling, COD reductions are 
usually much less due to the high content of dissolved 
organic substances not removed by coagulation.
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Table 15. Effect of settling time on turbidity, suspended 
solids, and COD values of crawfish wastewater treated with 
150 mg/L chitosan at pH 6.0
Sample
Time
(hr)
pH Turbidity
(NTU)
Suspended
solids
(mg/L)
COD
(mg/L)
Raw 0 8 .2 3500a3 5567a 33000a
CS1 0.5 _2 600b - -
CS 1 .0 5.3 600b 182b 18000b
CS 1.5 - 600b - -
CS 2 .0 - 600b - -
CS 3.0 - 600b - -
1 CS = Coagulated and Settled.
2 Not determined.
3 Means with the same letter in the columns are not 
significantly different at the 5% level.
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It is apparent that decreased reduction of COD in this 
study was due to the high level of total dissolved solids 
(29,247 mg/L) (Table 12) in crawfish wastewater.
H. Proximate and Amino Acid Analyses of Coagulated Solids
1. Proximate Analysis
Table 16 summarizes proximate analysis of the 
coagulated solids recovered by coagulation with 150 mg/L 
chitosan at pH 6.0.
Table 16. Proximate analysis of coagulated solids from 
crawfish wastewater1
Component Percent (%)
Crude protein 27.08
Fat 51.73
Ash 3.27
1 Average of duplicate determinations.
On a dry weight basis, the crude protein content of 
the coagulated solids was 27.08%. Average values for fat 
and ash were 51.73% and 3.27%, respectively. It is 
necessary to note that high fat content of the coagulated 
solids was due to the ineffective separation of the 
pigmented oil and water with a cream separator during 
preparation of simulated crawfish wastewater in the 
laboratory (Fig. 4). Therefore, it is apparent that if
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
109
organic compounds are recovered from the actual wastewater 
from the pigment extraction process, fat content of the 
coagulated solids will be much lower. For fat 
determination, the coagulated solids were refluxed with 
hexane for 18 hr and the resulting defatted solids were 
used for amino acid analysis. The yield of dry solids was 
5.97 g/L. With such high values for protein and fat, the 
coagulated solids have potential as a nutritious ingredient 
in livestock feed formulations.
2. Amino Acid Composition
Coagulated solids used for amino acid analysis were 
defatted with hexane for purification of the samples and 
for reduction of experimental error from high levels of 
fat. The amino acid composition of the defatted coagulated 
solids from crawfish wastewater was analyzed and compared 
with that of shrimp waste protein (Table 17).
A common notable feature of the amino acid composition 
of the coagulated solids and shrimp waste protein was the 
extremely high contents of glutamic acid (121.33 and 91.2 
rog/g) and aspartic acid (61.64 and 63.4 mg/g), with 
somewhat lower amounts of leucine (48.12 and 44.6 mg/g), 
arginine (43.51 and 37.2 mg/g), and alanine (43.02 and 31.2 
m9/9 )/ respectively.
These five amino acids accounted for 62% of those 
present in the coagulated solids from crawfish wastewater 
and 51% of the total amino acids present in the shrimp 
waste protein.
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Table 17. Comparison of amino acid composition of 
coagulated solids from crawfish wastewater with shrimp 
waste protein
Composition
Content (mg/g)
Crawfish Shrimp1
Aspartic acid 61.64 63.4
Threonine 2 1 .1 0 25.3
Serine 19.08 26.7
Proline 11.52 20.3
Glutamic acid 121.33 91.2
Glycine 17.22 25.3
Alanine 43.02 31.2
Valine 22.67 26.1
Methionine 10.15 16.8
Isoleucine 13.70 19.2
Leucine 48.12 44.6
Tyrosine 16.26 21.4
Phenylalanine 18.83 26.9
Lysine 35.52 36.4
Histidine 8.08 1 1 .2
Arginine 43.51 37.2
Total 511.75 523.2
1 From Toma and Meyers (1975).
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In comparison of the individual and total amino acid 
contents between the coagulated solids from crawfish 
wastewater and shrimp waste protein, little differences 
were observed in the amino acid composition.
I. Amino Acid Contents in Supernatant after Coagulation of 
Suspended Solids
Free and total amino acid contents in the supernatant 
after coagulating suspended solids in crawfish wastewater 
with 150 mg/L chitosan are shown in Table 18. The free 
amino acid composition of the supernatant contained high 
contents of arginine (153.9 mg/100 mL) and alanine (65.8 
mg/100 mL) with somewhat lower amounts of glutamic acid 
(28.7 mg/100 mL) and serine (21.6 mg/100 mL). The former 
two comprised about 57% of the total free amino acids. 
Since total free amino acids showed a 328% increase after 
acid hydrolysis of the supernatant, it is apparent that 
high concentration of water-soluble low molecular weight 
peptides and related compounds are present in the 
supernatant. The main amino acids following hydrolysis were 
glutamic acid (265.7 mg/100 mL), arginine (217.2 mg/100 
mL), aspartic acid (126.1 mg/100 mL), and alanine (121.8 
mg/100 mL).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
112
Table 18. Free and total amino acid contents in supernatant 
after coagulating suspended solids in crawfish wastewater
Composition Amino acid 
Free
(mg/100 mL) 
Total
Aspartic acid 8 .8 126.1
Threonine 13.4 46.7
Serine 2 1 .6 47.7
Proline 12.7 69.3
Glutamic acid 28.7 265.7
Glycine 15.2 59.7
Alanine 65.8 12 1 .8
Valine 6.9 44.8
Methionine 8.5 15.1
Isoleucine 6.9 28.9
Leucine 1 1 .2 61.0
Tyrosine 8 .1 37.8
Phenylalanine 3.9 37.8
Lysine 8 .2 54.6
Histidine 1 1 .8 30.4
Arginine 153.9 217.2
Total 385.6 1264.6
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A noteworthy concentration of recoverable water- 
soluble organics are present in discharge streams from 
shrimp processing plants in Louisiana (Meyers and Rutledge, 
1973; Perkins and Meyers, 1977). Specific flavor and 
flavor-enhancing compounds in shrimp blanching water have 
been identified by Meyers and Sonu (1974). Generally, 
water-extractable compounds are more abundant in the 
muscles of molluscs and Crustacea than in fish. These 
water-soluble, low molecular weight compounds are regarded 
as principal flavor precursors in shellfish. These include 
nitrogenous compounds, e.g., free amino acids, low 
molecular weight peptides, nucleotides and related 
compounds, and organic bases, and non-nitrogenous 
compounds, e.g., organic acids, sugars, and inorganic 
constituents (Konosu and Yamaguchi, 1982).
Meyers and Sonu (1974) analyzed the free amino acids 
of shrimp blanching water and concluded that the large 
concentrations of glycine, arginine, and glutamic acid are 
particularly noteworthy in view of the significance of 
these compounds in flavor of shrimp. Rangaswamy et al. 
(1970) examined the free amino acid pattern of Indian 
shrimp (Metapenaeus dobsonii) and their impact on flavor. 
Glycine contributed to the sweet flavor of shrimp, while 
leucine, glutamic acid, and proline conferred a desirable 
flavor. Arginine also was found to affect the flavor to an 
appreciable extent.
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In the current study, attention has been directed to 
analysis of free amino acids in the supernatant after 
coagulating suspended solids in crawfish wastewater since 
these compounds play a leading role in crustacean taste. 
From the above results (Table 18), compounds such as 
arginine, alanine, glutamic acid, serine, etc., are 
considered to be among the primary contributors to the 
distinctive sensory attributes of crawfish. Certainly, many 
flavor-related compounds, other than free amino acids, 
probably are present in the supernatant. Ultimately, 
further studies should be directed toward a 
characterization of the total organic compounds in the 
supernatant for their sensory applications in crawfish 
products. The magnitude of the potential recovery compounds 
is quite significant when the volume of the total amount of 
wastewater from the crawfish pigment extraction process is 
considered.
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III: RECOVERY OF AMINO ACIDS FROM SEAFOOD PROCESSING 
WASTEWATER BY CHITOSAN-BASED LIGAND-EXCHANGE 
CHROMATOGRAPHY
A. Chromatography on Copper-Chitosan
1. Determination of Washing Solution and Volume 
Several parameters have been examined to establish 
optimal procedures for the ligand-exchange chromatography 
of amino acids on copper- or amino copper-crawfish 
chitosan. In an initial step, it was necessary to determine 
the appropriate washing solution and its volume.
Two grams of copper-crawfish chitosan, adjusted to pH 
8.2 (the original pH of the crawfish wastewater) in 
phosphate buffer solution, was packed and further washed 
with a small amount of buffer (pH 8.2). A sample of 
standard amino acid mixture (2 mL, 1 pM of each amino 
acid), added to deionized water or phosphate buffer 
depending on the washing solutions, also was adjusted to pH 
8.2. The amino acid solution was percolated through the 
column at a flow rate of 0.6 mL/min and the effluent 
collected, following which, the column was washed with four 
5 mL fractions of deionized water (pH 6.0) or phosphate 
buffer (pH 8.2). Presence and concentration of amino acids 
were determined on these fractions.
From these analyses (Table 19), no amino acids were 
found on the four fractions washed with both deionized 
water and phosphate buffer solution. Amino acids also were 
not recovered in the effluent. Based on these results, it
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can be assumed that all of the amino acids were retained on 
the column.
Table 19. Percentages of amino acids in the effluent and 
four 5 mL washed fractions of copper-crawfish chitosan at 
pH 8.2
Sample Amino acids (%)
Effluent _1
Fractions washed with 
deionized water -
Fractions washed with 
phosphate buffer -
1 Not detected.
Similar procedures were applied to copper-commercial 
chitosan. With this substrate, however, the two basic amino 
acids lysine and arginine were eluted from the second 
fraction washed with deionized water, but not from the 
fraction washed with a phosphate buffer of pH 8.2 (Table
20). Under these conditions, 54% of the lysine and 46% of 
the arginine were lost by washing with 20 mL of deionized 
water. Further elution of these two basic amino acids with 
increased washing could be expected.
From the above data, it is apparent that some amino 
acids can be eluted during washing, depending on chitosan 
sources, washing solutions, and their volumes.
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Table 20. Percentages of amino acids in four 5 mL washed 
fractions of copper-commercial chitosan at pH 8.2
Amino
Fraction washed with 
deionized water
Fraction washed with 
phosphate buffer
acid
1 2 3 4 1 2 3 4
Lys 0 12 28 14 0 0 0 0
Arg 0 2 22 22 0 0 0 0
Therefore, in further work described below, it was 
necessary to wash the column with phosphate buffer solution 
at the same pH as the column to compare recovery percent of 
amino acids from copper-crawfish chitosan with that from 
copper-commercial chitosan.
2. Determination of Elution Volume
After the amino acid solution at pH 8.2 was applied to 
the copper-crawfish chitosan column, the latter was washed 
with 10 mL of phosphate buffer (pH 8.2). Elution was 
performed with five 10 mL fractions of 3M NH4OH, followed 
by amino acid analyses on these fractions. Results (Table
2 1) showed that the amino acids retained on the copper 
complex were mainly eluted in the second and third 
fractions, with a trace amount of histidine in the fourth 
fraction. Based on these data, 50 mL of 3M NH40H appeared 
to be sufficient to elute the remaining amino acids from 
the column.
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Table 21. Percent recovery of amino acids in five 10 mL 
eluate fractions from copper-crawfish chitosan column (pH 
8.2) after elution with 3M NH4OH
Amino
Fraction
acid
1 2 3 • 4 5 Total
Asp 85 8 93
Thr 54 2 56
Ser 102 4 106
Pro 62 0 62
Glu 101 6 107
Gly 18 2 20
Ala 18 2 20
Val 84 0 - 84
Cys 0 +1 +
Met 61 4 65
H e 73 2 75
Leu 64 4 68
Tyr 68 12 80
Phe 71 9 80
Lys 70 3 73
His 44 12 + 56
Arg 73 5 78
1 Trace amount of amino acid.
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While excessive copper leakage was observed in the 
second and third fractions during elution, copper was not 
detectable in the other fractions. In contrast, with 
copper-commercial chitosan, the retained amino acids were 
eluted in the first and second fractions, with a trace 
amount of histidine in the third fraction.
3. Comparison of Eluents
Many workers (Bellinger and Buist, 1973; Hemmasi, 
1975; Hemmasi and Bayer, 1975; Siegel and Degens, 1966) 
have used ammonia solution as an eluent in ligand-exchange 
chromatography. However, Muzzarelli et al. (1978c), who 
performed ligand-exchange chromatography of amino acids on 
the copper form and on the amino copper form of commercial 
chitosan, found that optimal conditions for collection and 
elution were with 0.05M phosphate buffers at pH 7 and 12, 
respectively.
Based on the aforementioned information, 3M NH4OH and 
two phosphate buffers differing in ionic strength were 
selected as eluents and compared (Table 22). In this 
experiment, copper-commercial chitosan instead of copper- 
crawfish chitosan was used as column materials to compare 
recovery percent of amino acids with data obtained by 
Muzzarelli et al. (1978c).
Elution with phosphate buffers was first initiated 
with 25 mL of 0.05M phosphate buffer (pH 12) and then 
continued with 25 mL of 0.1M phosphate buffer (pH 12). As 
seen in Table 22, only a trace amount of histidine was
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Table 22. Comparison of percent recovery of amino acids 
from copper-commercial chitosan at pH 8.2 after elution 
with ammonia and phosphate buffers (pH 12)
Amino
acid
Eluent
3M NH4OH 
(50 mL)
Phosphate buffer
0.05M 
(25 mL)
0.1M 
(25 mL)
Total 
(50 mL)
Asp 51 0 0 0
Thr 73 0 0 0
Ser 76 0 0 0
Pro 15 0 26 26
Glu 53 0 0 0
Gly 22 0 12 12
Ala 21 0 3 3
Val 68 0 16 16
Cys 0 0 0 0
Met 67 0 17 17
H e 67 0 16 16
Leu 72 0 13 13
Tyr 66 0 5 5
Phe 68 0 15 15
Lys 22 0 18 18
His 61 2 11 13
Arg 34 0 15 15
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eluted in the first fraction, and small amounts of amino 
acids in the second fraction. Total recovery percent of 
amino acids after sequential elution with phosphate buffers 
was very low compared with results obtained with 3M NH4OH. 
In particular, some amino acids, i.e., aspartic acid, 
threonine, serine, glutamic acid, and cystine were not 
eluted from the copper complex. During elution with 0.05M 
phosphate buffer, no copper leaked, whereas with 0.1M 
phosphate, slight copper leakage was observed. However, 
with 3M NH4OH excessive copper leakage occurred. Under 
these conditions, it appeared that the phosphate buffers 
were ineffective eluents in contrast to results of 
Muzzarelli et al. (1978c).
4. Influence of Different pH Values
The effect of pH on binding of amino acids to the 
copper complex was studied. The copper-crawfish chitosan 
complex, suspended in phosphate buffer solution, was 
adjusted to the desired pH (pH 8 , 9, 10, and 11). A
solution (2 mL) of the standard amino acid mixture, 
corresponding to 1 pH of each amino acid, was adjusted to 
the desired pH in phosphate buffer and allowed to pass 
through each column at a flow rate of 0.6 mL/min. 
Subsequently, each column was washed with 10 mL of 
phosphate buffer at the same pH as the column and then 
eluted with 50 mL of 3M NH4OH.
Results (Table 23) show that the percent recovery of 
all amino acids, except for alanine and cystine, was higher
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Table 23. Percent recovery of amino acids from copper- 
crawfish chitosan at different pH levels
Amino
pH
acid
8 9 10 11
Asp 104 72 94 82
Thr 108 89 106 105
Ser 90 63 83 57
Pro 91 95 95 91
Glu 104 78 86 44
Gly 93 64 35 38
Ala 68 7 18 14
Val 98 82 90 59
Cys 0 0 0 0
Met 87 71 79 45
H e 90 91 98 74
Leu 92 66 66 46
Tyr 102 83 89 76
Phe 87 81 89 66
Lys 88 80 86 53
His 76 57 54 40
Arg 92 81 84 37
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in the pH interval 8 to 10, particularly at pH 8 . In 
contrast, the percent recovery at pH 11 was somewhat lower. 
During elution with ammonia solution, excessive copper 
leakage was observed over all pH ranges (pH 8-11). With 
increasing pH, copper leakage gradually decreased. Thus, 
the percent recovery of amino acids appears to be dependent 
on the copper ions present in the eluate since amino acids 
form complexes with metal ions. This also indicates that 
the percent recovery of amino acids is dependent on pH 
since copper leakage corresponds with pH change. However, 
it is not clear whether binding of amino acids to the 
copper-crawfish chitosan is specifically pH dependent. It 
should be noted that below pH 7 copper leakage was 
particularly evident, with a considerable decrease in the 
flow rate of the ammonia solution during elution. Clogging 
of the column precluded further low pH studies.
B. Chromatography on Amino Copper-Chitosan
1. Influence of Different pH Values
Since elution of amino acids from copper-crawfish 
chitosan by ammonia solution caused excessive copper 
leakage, experiments were performed on the ammonia- 
equilibrated copper-crawfish chitosan. The recovery 
percentages of amino acids at different pH values (pH 8-11) 
are shown in Table 24.
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Table 24. Percent recovery of amino acids from amino 
copper-crawfish chitosan at different pH levels
Amino
pH
acid
8 9 10 11
Asp 85 58 34 12
Thr 93 59 27 14
Ser 84 41 22 12
Pro 21 14 14 18
Glu 77 31 20 9
Gly 15 38 23 15
Ala 47 52 16 19
Val 51 28 21 11
Cys 0 0 50 15
Met 79 42 21 11
H e 54 28 22 10
Leu 62 29 21 7
Tyr 86 80 40 15
Phe 86 57 26 11
Lys 49 20 16 10
His 59 50 48 43
Arg 73 31 14 10
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After elution of amino acids from the complex with 50 
mL of 3M NH4OH, it became evident that copper leakage was 
greatly reduced, especially at pH 8 . Very slight elution of 
copper occurred at pH 9, with no copper leakage at pH lo­
ll. On the other hand, the percent recovery of amino acids 
greatly decreased as pH increased. It was evident that 
recovery of amino acids from the complex was dependent on 
the pH of the medium. Siegel and Degens (1966) reported 
that slight elution of copper from ammonia-equilibrated 
copper-Chelex 100 by ammonia solution occurs if a strong 
electrolyte solution has been passed through the column. 
This observation also was confirmed by Hemmasi (1975), who 
reported that copper leakage was particularly noticeable 
after passage of wastewater samples or buffer containing 
inorganic ions. However, slight leakage also occurred after 
passage of distilled water.
2. Comparison of Amino Copper-Crawfish Chitosan with 
Amino Copper-Commercial Chitosan
Recovery percent of amino acids from amino copper- 
crawfish chitosan and amino copper-commercial chitosan at 
different pH values are compared in Table 25.
In comparison of percent recovery, amino copper- 
crawfish chitosan showed much higher percentage of recovery 
of amino acids than did amino copper-commercial chitosan. 
This may indicate that amino copper-crawfish chitosan has 
stronger affinity for amino acids than does amino copper- 
commercial chitosan. In particular, the percent recovery of 
amino acids from amino copper-commercial chitosan at pH 11
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Table 25. Comparison of percent recovery of amino acids 
from amino copper-crawfish chitosan (Am-Cu-Cr-chitosan) and 
amino copper-commercial chitosan (Am-Cu-Co-chitosan) at 
different pH values
Am-■Cu-Cr--chitosan1 Am-Cu-Co--chitosan
Amino
acid PH
8 9 10 11 8 9 10 11
Asp 85 58 34 12 75 43 13 0
Thr 93 59 27 14 80 36 7 0
Ser 84 41 22 12 66 26 5 3
Pro 21 14 14 18 7 4 0 0
Glu 77 31 20 9 48 17 4 0
Gly 15 38 23 15 15 37 9 16
Ala 47 52 16 19 15 10 6 2
Val 51 28 21 11 30 14 6 +2
Cys 0 0 50 15 0 0 14 0
Met 79 42 21 11 56 25 6 +
H e 54 28 22 10 24 15 6 1
Leu 62 29 21 7 29 13 6 1
Tyr 86 80 40 15 78 73 17 8
Phe 86 57 26 11 77 35 9 +
Lys 49 20 16 10 19 8 1 0
His 59 50 48 43 47 55 69 65
Arg 73 31 14 10 41 12 4 +
1 From Table 24.
2 Trace amount of amino acid.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
127
was negligible, except for glycine, tyrosine, and 
histidine. Thus, this procedure can be used for selective 
concentration and removal of these amino acids in the 
presence of other amino acids. At pH 8 and pH 9, slight 
copper leakage also occurred from amino copper-commercial 
chitosan, but not at pH 10-11.
3. Determination of the Amount of Column Material
The percentages of amino acids eluted from four 
different amounts of amino copper-crawfish chitosan at pH 9 
are given in Table 26. With an increase in the amount of 
packing material up to 2 g, recovery of amino acids 
gradually increased. Further increases were not observed 
even when a considerable larger amount of amino copper- 
crawfish chitosan was used. Thus, it is evident that 2 g of 
amino copper-crawfish chitosan is sufficient for the 
sorption of 1 uM of each of the amino acids.
4. Influence of Flow Rate
The flow rate of amino acid solution is an important 
determinant for sorption of amino acids on the copper 
complex. Results (Table 27) indicated that more amino acids 
were retained on the column at a slower flow rate (0 .6  
mL/min), resulting in higher recovery of amino acids. 
Therefore, it was feasible to pass the amino acid solution 
through the column at a relatively slow flow rate (0 .6  
mL/min) for greater recovery and concentration of amino 
acids.
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Table 26. Percentages of amino acids eluted from three 
different amounts of amino copper-crawfish chitosan at pH 9
Amino
acid
Amount (g)
3 2l 1.5 1 .0
Asp 61 58 48 26
Thr 57 59 43 23
Ser 20 41 31 16
Pro 22 14 6 0
Glu 26 31 22 10
Gly 54 38 35 25
Ala 54 52 29 5
Val 27 28 20 8
Cys 0 0 0 0
Met 33 42 30 16
H e 37 28 20 8
Leu 30 29 19 8
Tyr 76 80 67 43
Phe 53 57 41 22
Lys 20 20 14 5
His 58 50 46 30
Arg 27 31 20 10
1 From Table 25.
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Table 27. Effect of flow rate on percent recovery of amino
acids from amino copper-crawfish chitosan at pH 9
Amino
acid
Flow rate (mL/min)
0.61 2.5 3.5
Asp 58 42 42
Thr 59 28 26
Ser 41 31 14
Pro 14 20 40
Glu 31 17 7
Gly 38 66 39
Ala 52 21 7
Val 28 26 10
Cys 0 0 0
Met 42 26 20
H e 28 24 12
Leu 29 25 12
Tyr 80 10 60
Phe 57 25 29
Lys 20 23 6
His 50 27 36
Arg 31 24 11
1 From Table 25.
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5. Influence of Temperature
The Influence of temperature on the sorption of amino 
acids to the amino copper complex was investigated. Data 
(Table 28) revealed that at either ambient temperature or 
at 90°C, the percentages of recovery for all amino acids 
were comparable except for aspartic acid and glycine. These 
data suggest that sample temperature does not significantly 
affect the sorption of amino acids to the amino copper 
complex.
6 . Combination of Amino Cooper-Crawfish Chitosan and 
Crawfish Chitosan
To remove the copper ions from the ligand eluate, the 
latter was passed through a second crawfish chitosan column 
(30x1 cm, 2 g) equilibrated with phosphate buffer at the 
same pH as the amino copper-crawfish chitosan column. 
Percent recovery of amino acids from a single amino copper- 
crawfish chitosan column, and from amino copper-crawfish 
chitosan plus crawfish chitosan columns at pH 8 , was 
compared in Table 29.
As noted, the eluate was completely free of copper 
ions when treated with a second crawfish chitosan column. 
This clearly indicates the chelating ability of chitosan 
for transition metal ions, especially copper.
When 2 g of crawfish chitosan was applied to the 
copper-crawfish chitosan column, it was insufficient for 
the former to bind all copper ions leaked from the latter. 
Although noticeble differences were observed in recovery of 
glycine and alanine, the percent recovery of most amino
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Table 28. Effect of temperature on percent recovery of
amino acids from amino copper-crawfish chitosan at pH 9
Amino
acid
Temperature (°C)
Room1 90
Asp 58 104
Thr 59 61
Ser 41 50
Pro 14 34
Glu 31 25
Gly 38 98
Ala 52 26
Val 28 32
Cys 0 0
Met 42 44
H e 28 34
Leu 29 36
Tyr 80 73
Phe 57 66
Lys 20 19
His 50 41
Arg 31 33
1 From Table 25.
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Table 29. Comparison of percent recovery of amino acids 
from amino copper-crawfish chitosan (Am-Cu-Cr-chitosan) and 
amino copper-crawfish chitosan plus crawfish chitosan 
columns at pH 8
Amino
acid
Am-Cu-Cr-chitosan1 Am-Cu-Cr-chitosan & 
crawfish chitosan
Asp 85 82
Thr 93 90
Ser 84 77
Pro 21 9
Glu 77 79
Gly 15 71
Ala 47 89
Val 51 37
Cys 0 0
Met 79 75
H e 54 57
Leu 62 63
Tyr 86 84
Phe 86 85
Lys 49 36
His 59 63
Arg 73 72
1 From Table 25.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
133
acids from amino copper-crawfish chitosan plus crawfish 
chitosan was comparable to that obtained from a single 
amino copper-crawfish chitosan.
7. Crawfish Chitosan as Column Materials 
Tests were performed on the crawfish chitosan to 
verify whether crawfish chitosan itself has affinity to 
bind amino acids. Results were compared with that obtained 
with commercial chitosan (Table 30).
All of the amino acids, except histidine (10%), passed 
through the crawfish chitosan column without significant 
sorption. In contrast, commercial chitosan did not show 
affinity for any of the amino acids. Muzzarelli (1978) also 
studied collection percentages of nine amino acids on 
commercial chitosan and obtained negative results.
C. Recovery of Amino Acids from Crawfish Wastewater
The crawfish wastewater from the commercial crawfish 
pigment extraction process contains significantly high 
concentrations of organic compounds. Even after these were 
recovered by coagulation with chitosan, the supernatant 
still contained high concentration of free amino acids 
(Table 18) which are considered to be major flavor 
compounds of shellfish. Based on information collected 
through a series of experiments, the supernatant (1 mL) of 
the crawfish wastewater, was applied at a flow rate of 0 .6  
mL/min to the amino copper-crawfish chitosan plus crawfish 
chitosan at pH 8 and at room temperature.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
134
Table 30. Comparison of percent recovery of amino acids
from 2 g of crawfish chitosan and 2 g of commercial
chitosan column at pH 8
Amino
acid
Crawfish
chitosan
Commercial
chitosan
Asp + 1 0
Thr 1 0
Ser
Pro
1 0
0
Glu + 0
Gly 1 +
Ala 1 +
Val 1 0
Met 1 0
H e 1 0
Leu 1 0
Tyr 3 0
Phe 4 0
Lys 2 0
His 10 0
Arg 2 0
1 Trace amount of amino acid.
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Data (Table 31) clearly demonstrate that crawfish 
chitosan-based ligand-exchange chromatography has 
noteworthy potential for separation and removal of amino 
acids from crawfish wastewater or supernatant. The recovery 
percent of amino acids from the supernatant was consistent 
with that obtained with the standard amino acid mixture. By 
column removal of amino acids, the supernatant will have a 
reduced organic load, and the amino acids recovered can be 
used as flavor concentrates with proper treatment. The 
second crawfish chitosan column retained all of the copper 
ions leaked from the first column when the latter was 
eluted with 3M NH4OH. Once the second column is saturated 
with copper ions, it can then be used effectively as the 
initial column for primary sorption of amino acids from the 
supernatant.
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Table 31. Percent recovery of amino acids from amino 
copper-crawfish chitosan plus crawfish chitosan columns at 
pH 8 after passing through 1 mL of crawfish wastewater
Amino acid Recovery (%)
Asp 76
Thr 91
Ser 69
Pro 19
Glu 86
Gly 74
Ala 50
Val 40
Cys 0
Met 86
H e 54
Leu 72
Tyr 79
Phe 105
Lys 49
His 47
Arg 69
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SUMMARY AND CONCLUSIONS
Vast tonnages of "waste" are generated annually by the 
Louisiana crawfish processing industry. In addition to the 
valuable carotenoid pigment (astaxanthin), this resource, 
especially the crawfish shell, has been demonstrated to be 
an excellent source of the biopolymers chitin and chitosan, 
with broad applications in biomedical, food, and chemical 
industries. Combination of chitosan production with an 
existing pigment recovery process comprises a realistic and 
cost-effective operation that has a potentially economic 
benefit on the rapidly growing crawfish industry as well as 
on utilization of other crustacean wastes. Utilization of 
chitosan products has been seen in treatment of seafood 
processing waste effluents to facilitate separation and 
removal of dispersed particles, and in recovery of valuable 
flavor compounds, through chitosan-based ligand-exchange 
chromatography approaches. Byproducts recovered have 
widespread nutritional value in a variety of dietary 
formulations.
The present investigation has focused on the following 
topics:
A) Development of an economically viable chemical 
treatment for isolation of chitin from crawfish shell and 
subsequent conversion into chitosan, and characterization 
of the physicochemical properties of crawfish waste and 
chitinous polymers.
137
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B) Demonstration of the effectiveness of chitosan as a 
polyelectrolyte coagulant for reduction and recovery of 
organic compounds in the wastewater from the crawfish 
pigment extraction process.
C) Use of chitosan as a ligand-exchange 
chromatographic support for recovery of amino acids from 
the supernatant of the crawfish wastewater.
Based on the results obtained in the present 
investigation, the following relevant information has been 
obtained:
1. Proximate analysis has demonstrated that both 
crawfish whole meal and shell are excellent 
sources of chitin, representing 15.94% and 23.49% 
of the dry weight, respectively.
2. Compared with whole meal, prospects of using the 
shell as a source of chitin appear promising. The 
shell contains a higher content of chitin and less 
potentially interferring colloidal compounds, such 
as protein (17.13% compared to 35.81% of the 
meal), and is obtained as a by-product of pigment 
extraction.
3. Crawfish shell contains a relatively high 
concentration, 108 ppm, of astaxanthin compared 
with the amount of pigment (78 ppm) present in 
crawfish meal.
4. The amino acid compositions of crawfish meal and 
shell varied considerably both in total levels and
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in the relative abundances of the specific amino 
acids. The major amino acids in both crawfish meal 
and shell are tyrosine (65.76 mg/g and 28.43 
t glutamic acid (40.31 mg/g and 5.16 mg/g), 
and aspartic acid (29.51 mg/g and 4.28 mg/g), 
respectively.
5. Applicable procedures for isolation of chitin from 
crawfish shell were developed as follows:
(a) Optimal conditions for deproteinization were 
3.5% NaOH at 65°C for 2 hr with a solids-to- 
solvent ratio of 1 :1 0 (w/v).
(b) Optimal demineralization with IN HC1 at 
ambient temperature for 30 min with a solids- 
to-solvent ratio of 1:15 (w/v).
(c) Necessary extraction of the carotenoid from 
the shell matrix was accomplished by 
extraction of the chitin with acetone before 
bleaching with 0.315% sodium hypochlorite 
solution for 5 min with a solids-to-solvent 
ratio of 1:10 (w/v). Without prior acetone 
extraction, a bleaching time of more than 1 hr 
was needed to obtain a white-colored chitin.
6 . Physicochemical properties which characterize the 
quality of the chitin product are as follows: 
nitrogen (7.01%), fat (not detectable), ash 
(0.10%); acetyl value (19.63%) (i.e., 7.36%
deacetylation); solubility (26.35%); viscosity
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(112 cps); molecular weight (5.14xl06 daltons); 
color (white); yield (25.35%); residual amino 
acids (6.73 mg/g).
7. The most predominant amino acid in the crawfish 
chitin is tyrosine (4.73 mg/g), which may be 
involved in the chitin-protein linkage of the 
mucopolysaccharides.
8 . Chitins, prepared from three different mesh sizes 
(10-20, 20-35, and >35 mesh) of crawfish shell to 
investigate extraction efficiency, did not show 
significant differences (P>0.05) in nitrogen and 
ash composition. However, the ash content of the 
chitin 4 prepared from crawfish meal was 
significantly higher (P<0.01) than those of 
chitins prepared from crawfish shell.
9. Protein recovered from crawfish shell after 
deproteinization contained 34.06% protein with 
12.80% ash. The protein also had an excellent 
amino acid profile, with all essential amino acids 
present. Therefore, the recovered protein product 
has considerable potential as a protein source in 
various feed applications.
10. Analytical results of chitosans prepared with 50% 
NaOH at 100°C for 0.5 to 5 hr deacetylation period 
under air and nitrogen showed that ash contents 
ranged from 0.17 to 0.22% and nitrogen from 7.81 
to 8.17%. Viscosity of the samples varied with
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length of deacetylation. The lower viscosity 
paralled the higher nitrogen content of the 
chitosan.
11. In comparison of chitosans, prepared under 
different conditions, i.e., air or nitrogen 
atmosphere, significant differences (P<0.05) were 
observed in viscosities of chitosan solutions 
except for chitosans deacetylated for 3 to 5 hr. 
However, no significant differences (P>0.05) were 
found in nitrogen and ash compositions.
12. Degree of deacetylation under both air and 
nitrogen atmosphere increased sharply in the first 
30 min from 7.4% to 60%, then slowly increased to 
73% in 5 hr. Viscosity decreased sharply in the 
first 2 hr, then slowly decreased in the following 
3 to 5 hr to about 26 cps at 10 g/L in 2% acetic 
acid solution.
13. Chitosans produced with 30% NaOH up to 5 hr, and 
with 40% NaOH up to 3 hr, were not sufficiently 
deacetylated to become solubilized in dilute 
acetic acid. In contrast, chitosan produced with 
50% NaOH dissolved satisfactorily in dilute acetic 
acid.
14. Twelve different chitosans prepared under 
different conditions, i.e., air or nitrogen 
atmosphere, and 0.5 to 5 hr deacetylation period, 
showed no significant differences (P>0.05) in
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reduction of turbidity in crawfish wastewater. 
However, chitosan deacetylated for 0.5 hr in air 
atmosphere was most effective in reduction of 
turbidity.
15. Coagulation conditions, i.e., length of settling 
time, pH, and coagulant concentration had an 
impact on chitosan functionality. Discharge stream 
turbidity and total suspended solids were notably 
reduced 83% and 97%, respectively, and chemical 
oxygen demand (COD) by 45% by coagulation and 
gravity settling for 1 hr after treatment with 150 
mg/L chitosan at pH 6.0.
16. Crawfish chitosan was equivalent or superior in 
coagulation properties to two commercial chitosan 
products and five synthetic commercial 
polyelectrolytes (all at 150 mg/L) at pH 6.0. 
Coagulation with crawfish chitosan resulted in a 
stream turbidity value of 593 NTU, the lowest 
value obtained.
17« Chitosan was more effective in lower concentration 
(150 mg/L) than were the four inorganic salts 
tested.
18. Evaluation of chitosan with a multivalent 
inorganic salt (FeCl3) showed that the most 
effective treatment was achieved with 150 mg/L 
chitosan alone. A combination of chitosan and
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FeCl3 did not result in a significant reduction in 
discharge stream turbidity.
19. Proximate and amino acid analyses of coagulated 
solids revealed high values for protein (27.08%) 
and fat (51.73%) content, and extremely high 
contents of glutamic acid (121.33 mg/g) and 
aspartic acid (61.64 mg/g), with somewhat lower 
amounts of leucine (48.12 mg/g), arginine (43.51 
»9/9)I and alanine (43.02 mg/g). These five amino 
acids accounted for 62% of the total amino acids 
present.
20. Analytical results for amino acid contents in 
supernatant after coagulation of suspended solids 
in crawfish wastewater demonstrated that the 
supernatant can be used as a major amino acid 
source if proper recovery procedures are 
developed.
21. A comparison of 3M NH4OH with two phosphate 
buffers differing in ionic strength as eluents 
demonstrated that the phosphate buffers were 
ineffective eluents.
22. Excessive copper leaked from the copper-crawfish 
chitosan column by elution with 3M NH40H. With pH 
increase, copper leakage decreased.
23. In experiments performed on the ammonia- 
equilibrated copper-crawfish chitosan at pH 8-11, 
copper leakage was greatly reduced, especially at
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pH 8 . Very slight elution of copper occurred at pH 
9, with no copper leakage at pH 10-11. However, 
with increasing pH, recovery percent of amino 
acids was greatly decreased.
24. Amino copper-crawfish chitosan showed much higher 
percentage of recovery of amino acids than did 
amino copper-commercial chitosan, indicating 
stronger affinity of the former for amino acids.
25. Two grams of amino copper-crawfish chitosan as 
column materials was sufficient for sorption of 1 
uM of each of the amino acids.
26. Flow rate of a sample had an effect on sorption of 
amino acids to the copper complex. More amino 
acids were retained on the column at a slower flow 
rate, resulting in higher recovery of amino acids. 
However, sample temperature did not significantly 
affect sorption of amino acids to the amino copper 
complex.
27. The eluate was completely free of copper ions 
without affecting the percent recovery of amino 
acids when treated with a second crawfish chitosan 
column. It was demonstrated that crawfish chitosan 
itself had no affinity for amino acids except for 
histidine (10%). On the other hand, commercial 
chitosan did not show an affinity for amino acids.
28. When the supernatant of the crawfish wastewater 
was applied to the amino copper-crawfish chitosan
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plus crawfish chitosan at pH 8 , It was clearly 
demonstrated that ligand-exchange chromatography 
had noteworthy potential for the separation and 
removal of amino acids.
In conclusion, the present studies have demonstrated 
that crawfish chitosan products are an excellent substrate 
for coagulants and ligand-exchange chromatographic supports 
in recovery of organic compounds from crawfish processing 
wastewater. In view of the tremendous tonnages of waste 
generated annually by the Louisiana crawfish processing 
industry, it is anticipated that data derived from the 
current investigation will provide a valuable base of 
information for ultimate solution of economically 
significant waste discharge problems.
The recovery of coagulated solids and flavor 
components, and their value as feed or flavor additives, is 
of particular interest in view of its relevance to 
organically-rich seafood processing wastes in general. In 
particular, use of byproduct chitosan to recover natural 
flavor compounds or byproducts from seafood discharge 
streams involves processes comprising total integration of 
recoverable waste. Reduction of the BOD of the plant 
effluent, apart from the value of the recovered product, is 
in itself a worthwhile objective.
The use of crawfish chitosan in recovery of seafood 
flavor compounds from other seafood processing streams 
suggests a promising application for the increasing volume
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of crustacean byproduct. Certainly, organic compounds, in 
addition to amino acids, are present in various 
concentrations in the plant effluent. Ultimately, further 
studies should be directed toward total characterization of 
these compounds and their potential application in sensory 
and related food usages. The concentration of potentially 
recoverable compounds is quite significant in view of the 
magnitude of the total amount of water discharged from the 
crawfish pigment extraction process. Further significance 
is seen when present data are extrapolated to other seafood 
plants in this country.
Finally, further studies are needed to evaluate 
adequately the economics of recovery of organic compounds, 
along with pilot scale studies. Flow analysis and process 
dynamics also should be considered in pilot scale studies. 
Certainly, processing conditions vary from plant to plant, 
and the compositions of organic components will vary 
accordingly. Recovery of these compounds also is related to 
the particular seafood species processed and its degree of 
freshness. Therefore, further work is necessary to 
adequately extrapolate the present data to extant problems 
in other facilities.
Total postulated utilization of crawfish waste and 
wastewater, i.e., natural carotenoid pigment, proteinaceous 
meal, chitin/chitosan, and flavor concentrate sources, is 
illustrated in Fig. 16. Commercial utilization of these 
products suggest that crawfish waste and crustacean waste,
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as well as organically-rich shellfish processing streams in 
general, can no longer be considered as disposable "waste" 
products with minimal economic value.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
148
Crawfish processing waste
Drying Separation
V
Meal
V
Feed <-
w
Puree
♦
Shell
supplement
Press <- 
cake Protein
&
Pigment
Wastewater Pigmented
oil
Chitin & 
Chitosan
V
Organic
compounds
Supernatant
Flavor
concentrate
Fig. 16. Diagram for utilization of crawfish waste and 
wastewater as various sources.
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Appendix Table 1. Distribution and chemical features of the 
diverse chitinous structures in living organisms 
(Deshpande, 1986)
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Appendix Table 2. chitin content of selected crustacea, 
insects, molluscan organs, and fungi (Knorr, 1984)
Type
Chitin
Content
( * ) Type
Chitin
Content
(%>
Crustacea Insects (continued)
Cancer (crab) 72.1s May beetle 166
Carcinus (crab) 0 .4 -3 .3* Diptera (true fly) 54.8s
8.296 Pieris (sulfur 64e
bunerfly)
64.2s Grasshopper 2-4*
20s
Paralixhodes 3SB Bombyx 44.2s
(King crab) (silkworm)
Cailinectes 14* Calleria (wax 33.7s
(blue crab) worm)
Pleuroneodes 1.3-1.8**
(red crab) Molluscan
Crangon (shrimp) 5.8° Organs
69.1s Clamshell 6.1
Alaskan shrimp 28d Oyster shell 3.6
Nephrops (lobster) 69.8s Squid, skeletalpen 41.0
6.7d Krill, depro­ 40.2 ± 5 . 2
Homarus (lobster) 60 .8 -77 .0s tein ized shell
Lepas (barnacles) 58.3s Fungi
Aspergillus niger 42.0*
Insects Penicillium 18.5*
Peripianeta 2.0° notatum
(cockroach) Penicillium 20.1*
Biateiia (cockroach) 18.4° chrysogenium
10° Saccharomyces 2.9*
35s cerevisiae
Colcootera (beetle) 5 - 15s (bakers yeast)
27-35° Mucor rouxii 44.5
Tenebrio (beetle) 2.1* Lactarius vellereus 19.0
4.9° (mushroom)
31.3s
*W« oocy weignt 
“Dry body weight 
‘Organic weight of cudde 
T ota l dry weight of cuticle 
•Dry weight of die caU wail
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Appendix Table 4. Actions of reagents on chitino 
carotenoids (Fox, 1973)
Reagent Chitin Pigment
Ethanol or 
acetone, warm
None Dissolves readily, 
if decalcified
Aqueous NaOH None None
Dil. HC1, hot Dissolves only 
carbonate
None
Cone. HC1, hot Dissolves 
carbonate and 
chitin
Releases as red 
solution
Pyridine, hot None Leaches and 
dissolves
Aqueous acetic Dissolves Leaches and
acid, hot carbonate dissolves
KBH4, cold None None
Hercaptoethanol, 
cold
None None
Cone. HNO3 , hot Dissolves Destroys
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Appendix Table 5. Percentage of chitin and protein content 
of dry shell (Austin et al., 1981)
Organism Chitin
Total
protein
Co­
valently
bound
protein
Ratio of 
chitin to 
bound 
protein
Blue crab 14.9 16.4 5.3 2 . 8 to 1
Stone crab 18.1 15.4 5.7 3.2 to 1
Red crab 27.6 12.3 3.1 9.0 to 1
Brine shrimp 27.2 34.9 16.0 1.7 to 1
Horseshoe crab 26.4 73.4 27.9 0 . 2 to 1
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Appendix Table 6 . ANOVA of comparison of analytical data 
for chitins prepared from three different particle sizes of 
crawfish shell and from crawfish whole meal
Dependent variable: Nitrogen1
Source DF MS F PR>F
Substrate
Error
3 0.0016
4 0.0007
2.46 0 .2 0
1 Calculated on moisture-free basis.
Dependent variable: Nitrogen1
Source DF MS F PR>F
Substrate
Error
3 0.0002
4 0.0005
0.37 0.78
1 Calculated on moisture-free and ash-■free basis •
Dependent variable: Ash
Source DF MS F PR>F
Substrate
Error
3 0.1641
4 0.0007
252.38 0 .0 0 0 1
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Appendix Table 7. ANOVA of comparison of nitrogen content 
of chitosans produced under air and nitrogen atmospheres 
during 0.5 to 5 hr deacetylation time
Dependent variable: Nitrogen at 0.5 hr deacetylation time
Source DF MS F PR>F
Atmosphere 1 0.0049 2.45 0.26
Error 2 0 .0020
Dependent variable: Nitrogen at 1 hr deacetylation time
Source D* MS F PR>F
Atmosphere 1 0.0064 1 .8 8 0.30
Error 2 0.0034
Dependent variable: Nitrogen at 2 hr deacetylation time
Source DF MS F PR>F
Atmosphere 1 0.0016 16.00 0.057
Error 2 0 .0001
Dependent variable: Nitrogen at 3 hr deacetylation time
Source DF MS F PR>F
Atmosphere 1 0.0004 0 . 1 1 0,77
Error 2 0.0036
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Appendix Table 7. (Continued) ANOVA of comparison of 
nitrogen content of chitosans produced under air and 
nitrogen atmospheres during 0.5 to 5 hr deacetylation time
Dependent variable: Nitrogen at 4 nr deacetylation time
Source DF MS F PR>F
Atmosphere 1 0 .0000 0 .0 0 1 .0 0
Error 2 0.0065
Dependent variable: Nitrogen at 5 hr deacetylation time
Source DF MS F PR>F
Atmosphere 1 0.0009 0.17 0.72
Error 2 0.0052
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Appendix Table 8 . ANOVA of comparison of viscosities for 
chitosans produced under air and nitrogen atmospheres 
during 0.5 to 5 hr deacetylation time
Dependent variable: Viscosity at 0.5 hr deacetylation time
Source DF MS* F PR>F
Atmosphere l 
Error 4
428.42
31.56
13.58 0.021
Dependent variable: Viscosity at 1 hr deacetylation time
Source DF MS F PR>F
Atmosphere l 
Error 4
.34
4.68
22.06 0.0093
Dependent variable: Viscosity at 2 hr deacetylation time
Source DF MS F PR>F
Atmosphere 1 
Error 4
6 .0 0
0.07
92.31 0.0007
Dependent variable: Viscosity at 3 hr deacetylation time
Source DF MS F PR>F
Atmosphere 1 
Error 4
0.33
0.14
2.39 0.20
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Appendix Table 8 . (Continued) ANOVA of comparison of 
viscosities for chitosans produced under air and nitrogen 
atmospheres during 0.5 to 5 hr deacetylation time
Dependent variable: Viscosity at 4 hr deacetylation time
Source DF MS F PR>F
Atmosphere 1 0.202 2.47 0.19
Error 4 0.082
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Appendix Table 9. ANOVA of comparison of various chitosans 
applied at a concentration of 150 mg/L for reduction of 
turbidity in crawfish wastewater at pH 6.0
Dependent variable: Turbidity (NTU)
Source DF MS F PR>F
Treatment 11 1784.68 0.65 0.76
Condition (C) 
Extraction
1 1276.04 0.46 0.51
time (ET) 5 3266.94 1.18 0.37
C X ET 
Error
5
12
404.14
2765.88
0.15 0.98
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Appendix Table 10. ANOVA of effect of pH on reduction of 
turbidity in crawfish wastewater treated with 150 mg/L 
chitosan
Dependent variable: Turbidity (NTU)
Source DF MS F PR>F
PH 4 849099.50 278.93 0 .0 0 0 1
Error 5 3044.10
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Appendix Table 11. ANOVA of effect of pH and chitosan 
concentrations on reduction of turbidity in crawfish 
wastewater
Dependent variable: Turbidity (NTU) at pH 6.0
Source DF MS F PR>F
Concentration 7 1648582.99 3485.84 0 .0 0 0 1
Error 8 472.94
Dependent variable: Turbidity (NTU) at pH 8.2
Source DF MS F PR>F
Concentration 7 2064388.29 361.23 0 .0 0 0 1
Error 8 5714.88
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Appendix Table 12. ANOVA of comparison of crawfish chitosan 
with various natural and synthetic polyelectrolytes applied 
at a concentration of 150 mg/L for reduction of turbidity 
in crawfish wastewater at pH 6.0
Dependent variable: Turbidity (NTU)
Source DF MS F PR>F
Coagulant 8 2611016.39 8042.14 0 .0 0 0 1
Error 9 324.67
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Appendix Table 13. ANOVA of comparison of four inorganic 
salts applied at different concentrations for reduction of 
turbidity in crawfish wastewater at pH 6.0
Dependent variable: Turbidity (NTU) at 300 mg/L
Source DF MS - F PR>F
Salt 3 8050.00 2.40 0 . 2 1
Error 4 3350.00
Dependent variable: Turbidity (NTU) at 600 mg/L
Source DF MS F PR>F
Salt 3 1072936.33 113.22 .0.0003
Error 4 9476.75
Dependent variable: Turbidity (NTU) at 900 mg/L
Source DF MS F PR>F
Salt 3 1392284.46 30.64 0.0032
Error 4 45436.13
Dependent variable: Turbidity (NTU) at 1200 mg/L
Source DF MS F PR>F
Salt 3 1325160.46 958.26 0 .0 0 0 1
Error 4 1382.88
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
179
Appendix Table 13. (Continued) ANOVA of comparison of four 
inorganic salts applied at different concentrations for 
reduction of turbidity in crawfish wastewater at pH 6.0
Dependent variable: Turbidity (NTU) at 1500 mg/L
Source DF MS F PR>F
Salt 3 1052404.50 462.60 0 .0001
Error 4 2275.00
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Appendix Table 14. ANOVA of effect of different 
concentrations of chitosan and FeCl3 on reduction of 
turbidity in crawfish wastewater at pH 6.0
Dependent variable: Turbidity (NTU)
Source DF MS F PR>F
Treatment 24 908496.15 4001.13 0 .0001
FeCl3 4 998825.20 4398.95 0 .0001
Chitosan 4 2322507.20 10228.61 0 .0001
FeCl3 xChitosan 16 532411.12 2344.80 0 .0001
Error 25 227.06
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Appendix Table 15. ANOVA of effect of settling time on 
turbidity, suspended solids, and COD values of crawfish 
wastewater treated with 150 mg/L chitosan at pH 6.0
Dependent variable: Turbidity (NTU)
Source DF MS F PR>F
Time 5 2803333.33 8927.81 0 .0 0 0 1
Error 6 314.00
Dependent variable: Suspended solids
Source DF MS F PR>F
Time 1 28998225.00 26628.31 0 .0 0 0 1
Error 2 1089.00
Dependent variable: Chemical oxygen demand (COD)
Source DF MS F PR>F
Time 1 216090000.00 5319.14 0 .00021
Error 2 40625.00
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Appendix Fig. l. Macromolecular structure of chitin 
(Deshpande, 1986).
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Appendix Fig. 2. Absorption curve and maximum wavelencrth of 
astaxantfcin in petroleum ether.
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